University of Massachusetts Amherst

ScholarWorks@UMass Amherst
Doctoral Dissertations

Dissertations and Theses

July 2017

The Effects of Anthropogenic Stress on Nitrogen-Cycling
Microbial Communities in Temperate and Tropical Soils
George S. Hamaoui Jr.
University of Massachusetts Amherst

Follow this and additional works at: https://scholarworks.umass.edu/dissertations_2
Part of the Bioinformatics Commons, Biology Commons, Environmental Microbiology and Microbial
Ecology Commons, Other Ecology and Evolutionary Biology Commons, and the Terrestrial and Aquatic
Ecology Commons

Recommended Citation
Hamaoui, George S. Jr., "The Effects of Anthropogenic Stress on Nitrogen-Cycling Microbial Communities
in Temperate and Tropical Soils" (2017). Doctoral Dissertations. 1010.
https://doi.org/10.7275/9994662.0 https://scholarworks.umass.edu/dissertations_2/1010

This Open Access Dissertation is brought to you for free and open access by the Dissertations and Theses at
ScholarWorks@UMass Amherst. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.

The Effects of Anthropogenic Stress on Nitrogen-Cycling Microbial
Communities in Temperate and Tropical Soils

A Dissertation Presented
by
George S. Hamaoui Jr.

Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of

DOCTOR OF PHILOSOPHY
May 2017
Department of Microbiology

 Copyright by George S. Hamaoui Jr., 2017
All Rights Reserved

The Effects of Anthropogenic Stress on Nitrogen-Cycling Microbial
Communities in Temperate and Tropical Soils
A Dissertation Presented
By
GEORGE S. HAMAOUI JR.

Approved as to style and content by:
_____________________________________
Klaus Nüsslein, Chairperson
_____________________________________
James F. Holden, Member
_____________________________________
Jeffery Blanchard, Member
______________________________________
Kristen M. DeAngelis, Member
______________________________________
Stephen Simkins, Member

__________________________
Steven J. Sandler
Department Head
Department of Microbiology

DEDICATION
This dissertation is dedicated to my loving wife, Elizabeth, my wonderful daughter,
Charlotte, and my family without whose love and unwavering support I would not have
been able to complete this work.

“As stewards of God’s creation, we are called to make the earth a beautiful garden for the
human family. When we destroy our forests, ravage our soil and pollute our seas, we
betray that noble calling.”
“God always forgives, we men forgive sometimes, but nature never forgives. If you give
her a slap, she will give you one. I believe that we have exploited nature too much.”
-His Holiness Pope Francis

ACKNOWLEDGMENTS
During my time as a graduate student at the University of MassachusettsAmherst, many people in the Department of Microbiology have helped me as I completed
my studies. Foremost, I would like to thank my advisor, Dr. Klaus Nüsslein, for believing
in me and accepting me into his lab in 2009. He has been an excellent mentor and
sounding board for new ideas, and he gave me great freedom in developing projects
investigating the effects of land-use change and simulated climate change on tropical and
temperate forest soil microbial communities. I consider it an honor to call him a mentor
and colleague.
I am grateful to my dissertation committee members Dr. James F. Holden, Dr.
Jeffery Blanchard, Dr. Kristen M. DeAngelis, and Dr. Stephen Simkins for their
invaluable discussions, advice, and assistance as I have completed by doctoral research.
They have been immensely helpful and supportive, and I have greatly appreciated their
guidance.
I am especially thankful to Associate Dean Martha Baker of the College of
Natural Sciences for selecting me to receive the Lotta M. Crabtree Fellowship in
agricultural research. This fellowship allowed me to complete my dissertation research
through two semesters of funding. Additionally, I am thankful to the Microbiology
Department for giving me the opportunity to be a teaching assistant in a variety of
laboratory courses where I have been able to hone my teaching skills.
I am especially grateful for a terrific group of collaborators who made my work in
tropical and temperate forests possible. Specifically, I am indebted to Dr. Jorge Rodrigues

vi

(University of California, Davis), Dr. Brendan Bohannan (University of Orgeon), and Dr.
James Tiedje (Michigan State University) for establishing the Amazonian rainforest
research site used in this study and for their constructive criticism regarding the editing
of my published manuscript. I would also like to thank Wagner Piccinini and Dr. Siu Mui
Tsai of the University of São Paulo for logistical and field sampling support at our
tropical sampling site. Lastly, I would like to express my deep gratitude to Dr. Sertia Frey
and Mel Knorr of the University of New Hampshire who allowed me access to the
temperate forest climate change study site used in this study and who greatly aided in
sample collection.
I deeply thank the members of the Nüsslein Lab for their support and
encouragement. Dr. Kyunghwa Baek, Dr. Caryl Ann Becerra, Dr. Teresa Conneely, Dr.
Daniel Lammel, Dr. Burcu Ünal, Dr. Heather Reed, and Ph.D candidate Marie Kroeger
provided very useful advice and discussions concerning project and manuscript
development. Also, a small army of undergraduate students provided immense assistance
when performing experiments, not limited to Alexander March, Connie Huang, Arshik
Ahamad, Dan Yip, and Alexander Thompson. They are great scientists, and I am lucky to
call them friends.
Finally, I am eternally grateful to my wife, Elizabeth, my daughter Charlotte, and
my family who supported me throughout this doctoral dissertation process. Their love,
encouragement, and help have been indispensable to me as I completed my doctoral
research. I will never forget their support and love.

vii

ABSTRACT
THE EFFECTS OF ANTHROPOGENIC STRESS ON NITROGEN-CYCLING
MICROBIAL COMMUNITIES IN TEMPERATE AND TROPICAL SOILS
MAY 2017
GEORGE S. HAMAOUI JR.,
B.A., OHIO WESLEYAN UNIVERSITY
Ph.D, UNIVERSITY OF MASSACHUSETTS-AMHERST
Directed by: Professor Klaus Nüsslein
In this dissertation several research studies are discussed that characterize the
effects of anthropogenic, or human-induced, stress on both ammonia-oxidizing and total
bacterial soil microbial communities. The disturbances of land-use change in tropical,
South American rainforests and artificial warming and nitrogen (N) fertilization in
temperate, North American forests were investigated as these disturbances represent past
and current disturbances caused by human landscape alteration and climate change.
Initially, the response of soil ammonia-oxidizing microbial communities to land-use
change from primary rainforest to pasture and, finally, back to secondary forest was
determined. Next, these analyses of land-use change effects were expanded to the total
bacterial community in these rainforest soils sampled annually for three years. Lastly, the
effects of increasing soil temperature and N-deposition on ammonia-oxidizing microbial
communities in temperate forests were characterized.
Land-use change affected ammonia-oxidizing communities in tropical soils. Both
the abundance of ammonia-oxidizer marker genes and their community structure shifted
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due to land-use changes. Interestingly, phylogenetic analyses showed that community
structural changes in ammonia-oxidizing thaumarchaea are driven by a shift away from
primary rainforest, old pasture, and secondary forest clusters to separate clusters for
young pasture. Additionally, there was a nearly complete disappearance in young pasture,
old pasture, and secondary forest sites of a thaumarchaeal ammonia-oxidizing genus, the
Nitrosotalea.
We found that many of the bacterial community responses to land-use change
stayed consistent between land-use types across all three years, especially in regards to
OTU richness and Faith's phylogenetic diversity. Bacterial community turnover, or
distance-decay, was significantly greater (P < 0.05) in forests compared to pastures for
two out of three years sampled. Lastly, two bacterial species, Rhodomicrobium
udaipurense and Anaeromyxobacter dehalogens, were found to be exclusive indicator
species for the pasture land-use type across all sampling time points.
Finally, when investigating the effects of increasing soil temperatures and Ndeposition rates on temperate forest soil N-cycling, potential N-mineralization and
nitrification rates and chitinase enzyme activity showed no difference between treatments
(P > 0.05). Bacterial, fungal, and archaeal rRNA genes and thaumarchaeal amoA genes
showed no significant difference between treatments. There were significant differences
in ammonia-oxidizer community structure between control and heated plus nitrogen
treatments. The majority of archaeal ammonia-oxidizer species were most closely related
to Nitrosotalea and Nitrososphaera spp. However, the organic horizon in the heated plus
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nitrogen treatment was dominated by sequences most closely related to Nitrosopumilus
maritimus.
Taken together, these results can provide a conceptual foundation as to how
anthropogenic stressors can alter microbial communities in tropical and temperate forests
soils. These communities are critical to global biogeochemical cycling and climate
regulation. By charactering how these communities respond to various anthropogenic
stressors, the scientific community can begin to use this information to develop more
holistic biogeochemical models to predict shifts in nutrient flow and greenhouse gas
production.
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CHAPTER 1
BACKGROUND AND SIGNIFICANCE
1.1 Tropical and Temperate Forest Ecosystems: General Overview and Role in
Climate Regulation
1.1.1 Brazilian Tropical Rainforests
Amazônia is a region of forest and savannah inside the Amazon River basin and
encompasses an area of approximately 6.7 x 106 km2. It stretches in latitude from northern Bolivia
to the Brazilian state of Roraima and in longitude from Peru to the Brazilian state of Tocantins.
Brazil contains about 4.5 x 106 km2, or about 67.8%, of Amazônia (Cardille et al., 2002). Due to
its sheer size, the rainforest in Amazônia plays a major role in both global and regional carbon
cycles, surface temperature patterns, and fresh water cycling. Overall, the rainforest acts as a
large sink for CO2 and other carbon biomass; the top eight meters of rainforest soil alone contain
upward of 136 gigatons (Gt) of C (Bala et al., 2007; Fearnside and Barbosa, 1998). Concerning
temperature, the trapping of CO2 and the evapotranspiration that occurs in the rainforest aids in
regulating the warming of the planet (Bala et al., 2007; Bonan, 2008). Approximately eight
trillion tons of water are released from the Amazon each year via evapotranspiration while 1520% of the world’s freshwater run-off flows from the basin into the ocean (Nepstad et al., 2008).
From these data, it can be seen that the Amazon plays a major role in global climate regulation
and nutrient cycling. Yet, the role specific Amazonian soil microbial communities play in
affecting these global cycles, and in responding to anthropogenic stress in the tropical rainforest
region, is relatively unknown.
In addition to the roles the Amazon rainforest plays in climate, it is home to one of the
most diverse assemblages of organisms on the planet. In Brazil the total number of known plant
species ranges from 43,020-49,520 while the total number of known animals, both vertebrates
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and invertebrates, ranges from 103,780-136,990 (Lewinsohn and Prado, 2005). Estimates of
known and unknown plant and animal species greatly exceed these known values with an
estimated total of 51,500 plant species and 1,256,000 animal species (Lewinsohn and Prado,
2005). In Brazil alone there are eight core areas of endemism, which harbor unique groups of
species formed through allopatric speciation (Da Silva et al., 2005). One major worry concerning
the forests is that extensive deforestation will lead to niche destruction and species loss.

1.1.2 Temperate forests of the Northeastern United States
Temperate forests represent a major forest biome common in the eastern portion of the
United States and southern Canada, in much of central and northern Europe, and in eastern China
(Begon et al., 2008; Bonan, 2008; Stern et al., 2003). In many of these forests, freezing
temperatures occur during the winter and may last up to six months. These types of forests often
contain a mixture of coniferous and broad-leaved deciduous trees with deciduous trees losing
their leaves during the colder months (Begon et al., 2008; Stern et al., 2003). Much of the original
forests in these regions were cleared for agriculture. This was especially true in North America
after European settlement (Bonan, 2008). While not containing as much terrestrial carbon as
tropical forests (~25%), temperate forests do hold about 10% of such carbon. Because of this
ability to trap and hold large amounts of CO2, temperate forests can be substantial carbon sinks,
helping to reduce atmospheric CO2 concentrations (Bonan, 2008). This trapping of CO2, along
with moderate levels of cooling caused by evapotranspiration from the forest trees, can aid in
regulating global temperatures.
Concerning temperate forests of the northeastern United States, where a large portion of
the work for this dissertation was conducted, a large biodiversity of plants and animals are found,
albeit not as large as in tropical forests. Characteristic trees include red spruce (Picea rubens),
sugar maple (Acer saccharum), American beech (Fagus grandifolia), and many others (Davis et
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al., 2015). Additionally, this region contain at least 14 different species of conifer trees. Many
mammals, such as moose (Alces alces), black bear (Ursus americanus), raccoons (Procyon lotor),
and a variety of rodents, are common in this region (Davis et al., 2015; Stern et al., 2003). While
the diversity of macroflora and fauna have been well documented, the diversity of
microorganisms, and the response of such microbes to anthropogenic stressors common in this
region, has not been as well documented and studied.

1.2 The Microbial Nitrogen Cycle in Soil of Tropical and Temperate Forests
1.2.1 General Overview
Elements that are necessary for life on Earth, in particular C, N, H, O, S, and Fe,
move through various biogeochemical cycles catalyzed by microorganisms (Falkowski et
al., 2008; Madigan and Martinko, 2006). These cycles often consist of oxidation/
reduction reactions that supply microbes with needed nutrients and energy for growth.
While biogeochemical cycling occurs in aquatic and subsurface habitats, terrestrial
cycling of nutrients is of particular importance due to the effects nutrient cycling can
have on plant growth and climate change (Arneth et al., 2010). Among all the elements
cycled in terrestrial ecosystems, one of the most limiting is N (Myrold, 2007). Even with
copious amounts of C, plants, animals, and microbes will not survive and grow without
adequate supplies of N to meet their physiological demands.
The nitrogen (N) cycle is a complex process in which N is cycled through
different reduced and oxidized forms via metabolic reactions carried out by various
microorganisms. The cycle consists of six main processes (Figure 1.1): N2 fixation,
mineralization (or ammonification), nitrification, denitrification, dissimilatory nitrate
reduction to ammonium (DNRA), and anaerobic ammonia oxidation (anammox)
3

(Hayatsu et al., 2008). Fixed nitrogen can be lost from a soil system through two
pathways. The first pathway consists of gas emissions of NO, N2O, and/or N2 from
nitrification, denitrification, or anammox (Levy-Booth et al., 2014; Long et al., 2012).
The second is the process of leaching. Because clay particles in soil are negatively
charged, anions, such as nitrate (NO3-) are not easily bound to such particles in the same
manner as cations such as ammonium (NH4+). Thus, NO3- can be washed out of soil after
rain storms or flooding (Bardgett, 2005). Such losses of NO3- from soil systems can be
problematic by not only reducing the fixed N pools but also by contaminating ground
water and surrounding lakes and streams (Bardgett, 2005). Increases in NO3- and other
nutrients can cause eutrophication of water bodies, leading to habitat destruction for
other aquatic organisms (Myrold, 2005).
1.2.2 N-Mineralization or Ammonification
One process by which organically bound nitrogen can enter a system is through
N-mineralization, or ammonification (Fig. 1.1). During mineralization, microbes break
down organic compounds, such as proteins and nucleic acids, and release inorganic
nutrients into the environment (Bardgett, 2005). Concerning ammonification, NH4+ is
released. The process of ammonification is tied to the process of immobilization of N
compounds and to the carbon to nitrogen (C:N) ratio of microbial nutrient substrates. If
microbes are in an environment in which they are C-limited (low C:N ratio), then they
will use what carbon is available for growth while producing NH4+ as waste. Other
microbes and plants can use this NH4+ for nutritional requirements. However, if microbes
are N-limited (high C:N ratio), then they will take up, or immobilize, N (both NH4+ and
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NO3-) for growth requirements (Bardgett, 2005). As a reference, C:N ratios greater than
20:1 indicate microbes are N-limited while ratios equal to or less than 20:1 indicate that
microbes are C-limited (Myrold, 2005).
While many processes contribute to ammonification, such as degradation of
proteins and nucleic acids, the degradation of urea, L-glutamate, and chitin have been
targeted in recent culture-independent analyses of the function of microbial communities
(Metcalfe et al., 2002; Tu et al., 2014). Urea degradation into ammonia, carbon dioxide,
and water is catalyzed by the extracellular enzyme urease in a wide range of microbes
(Myrold, 2005). The catalytic -subunit of this enzyme is encoded by the ureC gene
(MetaCyc Database; Caspi et al., 2014). L-glutamate degradation is catalyzed by the
intracellular enzyme glutamate dehydrogenase (Myrold, 2005). Among bacteria and
archaea the gene gdh codes for this enzyme (NCBI Entrez Gene, http://www.ncbi.
nlm.nih.gov/sites/entrez). Lastly, chitin degradation is mediated by a variety of chitinase
enzymes (Myrold, 2005). Bacteria, fungi, and some protozoa are known to degrade chitin
(Gooday, 1990). While chitinases are grouped into families 18 and 19 of glycosyl
hydrolases due to their widespread occurrence in multiple lineages of organisms, primers
for conserved bacterial chitinase genes only from group A in family 18 of glycosyl
hydrolases have been widely used to detect chitinase genes in metagenomic DNA
preparations from a variety of environments (Cretoiu et al., 2012; Metcalfe et al., 2002;
Williamson et al., 2000). Tu and colleagues (2014) have used genes for the above
enzymes as functional markers of ammonification (and carbon cycling in the case of
chitinases) for the GeoChip functional microarray (v4.0). Because urease, glutamate
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dehydrogenase, and chitinases contribute to NH4+ release from urea, L-glutamate, and
chitin, respectively, identification of the genes for these enzymes, such as through PCRbased and metagenomic analyses, can be a useful tool to determine the structure of Nmineralizing microbial communities in soil affected by disturbance. Such community
characterizations not only expand the breadth of knowledge concerning which species
contribute to ammonification but can also contribute to the development of N-cycling
ecological models incorporating data of microbial species presence and function.
1.2.3 Nitrification
While N2 fixation and ammonification add NH3 to an environment, the process of
nitrification will convert NH3 ultimately to NO3-. Nitrification consists of two sets of
reactions, aerobic NH3 oxidation and aerobic nitrite (NO2-) oxidation (Nicol and Schleper,
2006). The enzyme catalyzing the initial oxidation of NH3, ammonia monooxygenase, is
well characterized and is encoded by three genes: amoA, amoB, and amoC (Nicol and
Schleper, 2006). AmoA is used as a biomarker to detect the presence of potential aerobic
ammonia oxidizers in the environment (Rotthauwe et al., 1997; Ward, 2005). Even
though there are heterotrophic bacteria and fungi that are nitrifiers, most of the NH3 in the
environment is oxidized via autotrophic microbes (Kowalchuk and Stephen, 2001). Most
studies of aerobic NH3 oxidizers were centered on isolates from the -proteobacteria,
specifically from the genera Nitrosospira and Nitrosomonas (Kowalchuk and Stephen,
2001). However, about 10 years ago, a study by Treusch and colleagues (2005) detected
sequences homologous to amoAB in mesophilic crenarchaea. More recent genome
analyses from cultured ammonia-oxidizing archaea (AOA) isolates led to the
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classification of these archaea into a new phylum, the Thaumarchaeota (BrochierArmanet et al., 2008; Hatzenpichler, 2012). Leininger and colleagues (2006) showed
through analysis of amoA gene copy number and amoA gene transcript abundance that
archaeal amoA gene copies and amoA transcript abundance are greater than that of
bacterial amoA genes in a variety of agricultural, pasture, and grassland soils across
Germany, Norway, and Greece. These greater archaeal abundances also correlated well
with increasing amounts of isoprenoidal tetraether lipids (unique to archaea) in the soil.
Additionally, other recent studies have analyzed the effect of pH on archaeal and bacterial
NH3 oxidizer activity in soil microcosms. Nicol and colleagues (2008) investigated
community structure and amoA gene transcript differences of archaeal and bacterial NH3
oxidizers in soil microcosms made from agricultural plot soil maintained at pH values of
4.5-7.5 for over 40 years. They found that archaeal amoA gene copy number and
transcript abundance increased as the pH decreased while bacterial amoA gene copy
number and transcript abundance showed the opposite trend. This finding is very
intriguing as mesophilic thaumarchaea could be the dominant and most active autotrophic
ammonia-oxidizing microbes in acidic soil environments, such as tropical and temperate
forest soils analyzed in this dissertation (see chapter 3 and 4 for pH values of tropical
Brazilian rainforest soil and New England temperate forest soil).
While the amoA marker gene may be an indicator of organisms that have the
potential to perform ammonia oxidation, recent studies have illustrated that the presence
of the gene, and even the abundance of amoA transcripts, may not depend on ammoniaoxidation. For example, Mussman and colleagues (2011) investigated nitrifying
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communities in wastewater treatment plants and found that thaumarchaeal amoA genes
outnumbered AOB amoA genes by 10,000-fold, yet the transcription of thaumarchaeal
amoA transcripts and production of crenarchaeol, a membrane lipid found in the
thaumarchaea, was independent of the addition of ammonium to the water. Additionally,
Palatinszky and colleagues (2015) found that Nitrososphaera gargensis, a AOA isolated
from hot springs, was able obtain ammonium through the oxidation of cyanate when
cyanate was supplied as the sole source of energy and reductant. They also found that
other thaumarchaea, which do not encode the genes for the cyanase enzyme needed to
degrade cyanate, can form syntrophic interactions with nitrite-oxidizing bacteria which
posses cyanase-encoding genes. After the NOB supply ammonium to the AOA, the AOA
in turn can produce nitrite through nitrification that can be fed back to the NOB
(Palatinszky et al., 2015). Lastly, thaumarchaeal AmoA is a copper-containing membrane
monooxygenase that potentially may be able to oxidize substrates other than ammonium,
such as methane, even though this has not yet been documented (Hatzenpichler, 2012).
Autotrophic aerobic NO2- oxidation is performed by a variety of bacteria in the α-,
γ-, and δ-proteobacteria and the Nitrospira (Hayatsu et al., 2008; Myrold, 2005). There
are no known archaeal autotrophic NO2- oxidizers (Hayatsu et al., 2008). Most soil NO2oxidizers are of the genera Nitrobacter and Nitrospira (Madigan and Martinko, 2006).
The nitrite oxidizing enzyme, nitrite oxidoreductase, is composed of an α- and β-subunit
encoded by the genes nxrA and nxrB (Spieck et al., 1996; Starkenburg et al., 2006).
Aerobic NO2- oxidation is especially significant in N-limited soil ecosystems because the
formation of NO2- and NO3- through nitrification, in addition to the production of NO and
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N2O, represents another pathway of N loss from an ecosystem.
1.2.4 Denitrification
In addition to leaching, one of the major pathways that removes NO3- from an
environment is dissimilatory nitrate reduction, or denitrification. In this pathway, NO3- is
reduced through various intermediates to N2 (Madigan and Martinko, 2006). The process
is termed denitrification as fixed NO3- ultimately is lost to the atmosphere as NO, N2O,
or N2. A wide variety of bacteria, archaea, and fungi have been found to perform
denitrification, although little work has been done investigating archaeal denitrifiers in
soil (Hayatsu et al., 2008). Traditionally, denitrification has been thought to occur only in
anaerobic habitats, such as water-logged soil (Myrold, 2005). However, fungal
denitrifiers have been found to be induced in the presence of O2 (Zhou et al., 2001). Also,
aerobic denitrifying bacteria have been isolated from soils in Japan and include isolates
of a Mesorhizobium sp. (Okada et al., 2005) and Burkholderia cepacia (Matsuzaka et al.,
2003).
As seen in Figure 1.1, the various reduction reactions of bacterial denitrification
are catalyzed by enzymes encoded (or partially encoded) by narG, napA, nirK/nirS,
norB, and nosZ (Canfield et al., 2010; Zumft, 1997). Table 1.1 lists various properties for
these central genes of the denitrification pathway. Fungal denitrifiers have denitrifying
enzymes similar to those of bacterial Nar and NirK while the fungal Nor enzyme has
been found to be different from bacterial Nor (Hayatsu et al., 2008). In many molecular
ecology studies, the nirK/nirS and nosZ genes are used are biomarkers for the presence of
denitrifiers in a given environment (Prieme et al., 2002; Rich et al., 2003). In addition to
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organisms considered “typical” denitrifers, two groups independently discovered nosZ
genes in a wide variety of bacteria and archaea not previously identified as denitrifers
(Jones et al., 2013; Sanford et al., 2012). In some environments, these “atypical”
denitrifiers have ratios of nosZ:16S rRNA gene copy number (indicator of proportion of
total bacterial community consisting of atypical denitrifiers) that is greater than or equal
to the nosZ:16S rRNA gene copy ratio for “typical' denitrifiers (Jones et al., 2013). The
detection of such denitrification genes and their homologs through metagenomic
analyses, as performed recently by Orellana and colleagues (2014), can prove especially
useful in the determination of which denitrifier species are present and what potential
nitrogen transformations these organisms could catalyze.
1.2.5 Dissimilatory Nitrate Reduction to Ammonium, Anammox, and CoDenitrification
Three other processes that can contribute to N-cycling in soil environments are
the processes of dissimilatory nitrate reduction to ammonium (DNRA), codenitrification,
and anammox. DNRA and codenitrification can contribute to the loss of NO3- or NO2- but
through different mechanisms. DNRA involves the reduction of NO3- to NH4+ through the
addition of eight electrons (Myrold, 2005). Recently, the role of DNRA in NO3consumption was determined to be equal to, if not greater than, denitrification in specific
soil environments, such as temperate and tropical forests (Rütting et al., 2011). DNRA
may be dominant in anoxic soils with high C content, but more work needs to be
performed in order to see if there are general thresholds of soil properties where DNRA
dominates over denitrification (Rütting et al., 2011).
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Codenitrification is a process in which N2O or N2 can be produced from NO3- or
NO2- reacting with azide, NH4+, or hydoxylamine (Hayatsu et al., 2008; Long et al., 2012;
Spott and Stange, 2011). It has been documented both bacteria and fungi can perform
codenitrification with one study illustrating that upwards of 92% of N2 emitted from soil
microcosm incubations was produced by fungi (Laughlin and Stevens, 2002). This
process has been found in different agricultural sites (Laughlin and Stevens, 2002; Long
et al., 2012), so more work is needed in order to determine to what extent this process
occurs in forest soils.
Anaerobic ammonium oxidation (anammox) is a recently discovered process in
which NH4+ is oxidized by NO (generated from NO2- reduction) to form hydrazine
(N2H2). This N2H2 is then oxidized by hydrozine oxidase (hzo) to form N2 (Canfield et al.,
2010; Long et al., 2012). While it was first discovered in wastewater treatment plants,
anammox has been found in rice paddy soil, peat soil, and different agricultural soil
(Hayatsu et al., 2008; Long et al., 2012). However, more work is needed to determine the
role of anammox bacteria in oxidizing NH4+ in non-flooded, well-aerated soil (LevyBooth et al., 2014).
1.3 Anthropogenic Stressors on Forest Ecosystems: Land-Use Change, Climate
Change, and Increased N-Deposition Rates
1.3.1 – Brazilian Amazonian Rainforests and Land-Use Change
Despite the enormous roles the Amazon rainforest plays in regulating the global
climate and the “boom-and-bust” patterns that occur in timber, cattle, and crop industries
on the deforestation frontier, widespread forest conversion to pasture and cropland is still

11

occurring (Cardille et al., 2002; Cardille and Foley, 2003; Houghton et al., 2000;
Rodrigues et al., 2009). It is estimated that, from 1980-1995, there was an overall
expansion of total agricultural land use by 7.04 x 104 km2 in Brazilian Amazônia. Of this
expansion, natural pastures decreased 8.43 x 104 km2 while planted pastures increased
1.47 x 105 km2 and cropland increased 8.02 x 103 km2 (Cardille and Foley, 2003).
Additionally, the percentage of selectively logged timber forests undergoing complete
deforestation ranged from about 16% one year after logging to about 32% four years after
logging (Asner et al., 2006). This continued logging and deforestation of the rainforest is
having major effects both regionally and globally. Houghton and colleagues illustrated
that the annual flux of carbon leaving the rainforest was about 0.2 Pg C yr-1 (1 Pg = 1015
g). Such losses of carbon, made even worse by logging and fires, is large enough to
negate any carbon sink effect the present amount of forest may have in the global carboncycle (Houghton et al., 2000). In addition to these measurements, in silico modeling of
deforestation scenarios have revealed the possible effects of regional deforestation on
world climate. Bala and colleagues showed that while all deforestation models cause
substantial increases in surface temperature and atmospheric CO2 concentration, tropical
deforestation would cause the highest temperature change relative to the year 2000
(approximately a 4.5°C increase) and the second highest atmospheric CO2 increase (Bala
et al., 2007). Also, from these findings, Bala and colleagues concluded that reforestation
projects would only have significant effects on global climate and atmospheric CO2 levels
if they were performed in tropical regions (Bala et al., 2007).

12

Concerning the influence of land-use change on N-cycling, there have been
numerous studies investigating the effects of deforestation on soil N nutrient availability
and on biogeochemical N-cycling dynamics (Cerri et al., 2006; Davidson et al., 2004; de
Moraes et al., 1996; Neill et al., 1999). Findings common to some of these studies are a
build up of ammonium (NH4+) and a decrease in NO3- in pasture soils compared with
pristine rainforest soils along with decreases of net and gross nitrification and
mineralization rates. Also, carbon to nitrogen ratios were low and continued to decrease
as pastures aged. These findings indicate that processes centered on the production and
oxidation of NH4+ in rainforest soil are affected by conversion to pasture. Concerning
denitrification, young pastures (0-3 years in age) had higher emissions of NO and N2O
compared to pristine forests, but, as pastures aged, the emissions of these gases dropped
below the values seen for the forests (Neill et al., 2005).
To date, four studies have centered on investigating the N-cycling microbial
communities in western Amazonian rainforest soils. Taketani and Tsai (2010) studied
ammonia oxidizing communities in modified (Terra preta) and non-modified soils under
different land uses (secondary forest compared to various agricultural plots). They only
found significant differences in the structure of thaumarchaeal ammonia oxidizing
communities between the secondary forest and agricultural land uses, not between the
different soil types in each land use. Using DGGE and clone library analysis, Navarrete
and colleagues (2011) found differences in archaeal 16S rRNA and amoA community
structure between pristine forest, pasture, secondary forest, and croplands at a site in the
Amazonas state of Brazil. Concerning nitrogen fixation, Mirza and colleagues (2014)
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found that free-living diazotrophic community structure and nifH gene abundance were
much more similar between pastures than for forests. Lastly, in an attempt to characterize
potential microbial functions being performed in soil at our study sites, Paula and
colleagues (2014) found that functional (i.e. protein coding) gene diversity, determined
via the GeoChip microarray, was greatly reduced by forest to pasture conversion but did
recover when secondary forest was allowed to form on degraded pasture. Also, they
found that both the bacterial and archaeal amoA GeoChip gene signal was most
associated with forest sites. While the knowledge of microbial communities and their
responses to land use change in tropical systems is increasing, there are still few detailed
investigations of microbial functional groups that catalyze critically important
biogeochemical cycles.
1.3.2 – Temperate Forests of the Northeastern United States and Increasing
Temperatures and N-Deposition Rates
Despite the central role microbes play in the N-cycle, few studies have looked at
the effects of disturbance, in the form of increasing temperatures, N-fertilization, and
land-use change, on N-cycling microbes. For the forest soil environment, many
investigations have been performed over the past twenty years that center on studying
how biogeochemical N-cycling rates are affected by various disturbances. Concerning
temperate forests in the northeastern United States, many studies have focused on the
effects of increased N-deposition, N-saturation, land-use legacies, and soil warming on
N-cycling (Aber et al., 1997, 1991; Aber and Driscoll, 1997; Butler et al., 2011; Compton
and Boone, 2000; Goodale and Aber, 2001; Melillo et al., 2011). Overall, Aber and
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colleagues (2003) have concluded that increases in forest N-deposition are altering the
N-cycling properties of northeastern temperate forests. Specifically, they found strong
support for increases in surface water nitrate NO3- concentrations as N-deposition
increased in surrounding watersheds. Also, they found that N-deposition, along with
mean annual temperature and elevation, had significant effects on nitrification in the
mineral soil of hardwood sites while N-deposition and elevation had significant effects on
nitrification in the mineral soil of conifer sites. Compton and colleagues (2004) found
that the DNA community profiles of bacterial ammonia oxidizers, diazotrophs, and nitrite
oxidizers in soil of the Harvard Forest Chronic N Amendment Study were altered with
low (5 g N m-2 yr-1 ) and high (15 g N m-2 yr-1 ) N-additions. Specifically, bacterial
ammonia oxidizers were only detected in the high-N plots, diazotrophs were more
difficult to detect in the N-treated plots, and nitrite oxidizer communities were present in
all samples but showed varied amplification patterns between the N-amended and control
plots. Concerning warming, Butler and colleagues (2011) found that increasing soil
temperature 5°C above ambient temperature for seven years increased both N
-mineralization and nitrification. Concerning the process of denitrification, both Butler
and colleagues (2011) and Melillo and colleagues (2011) found that warming of soil did
not result in significant losses of N2O from the soil. However, this lack of apparent
denitrification in warmed plots does not seem to be universal. Zhou and colleagues
(2011) found that in an Oklahoma tall grass prairie, which had been warmed 2°C above
ambient soil temperature for 12 years, potential denitrification rates were significantly
higher in soil collected from warmed plots compared to control plots. Also, they found
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that GeoChip normalized signal intensities of genes for N2-fixation, denitrification,
dissimilatory nitrate reduction to ammonium (DNRA), and nitrifier denitrification were
significantly higher in warmed plots compared to controls. Lastly, Contosta and
colleagues (2011) tested the multifactorial disturbance of soil warming and N-fertilization
that more closely simulates disturbances that are happening in northeastern forests. They
found that, despite a multifactorial disturbance, N-mineralization rates were more similar
to those in warming-only plots, indicating that warming may be a more drastic
disturbance than N-fertilization. This dominating effect of one disturbance in a
multifactorial experiment is not unique to forests. Sheik and colleagues (2011) found that,
despite a multifactorial disturbance of warming and drought in the same Oklahoma tall
grass prairie mentioned above, changes in microbial community structure were
attributable to the drought disturbance as opposed to the warming disturbance. From
these studies the extent and global climate impact of deforestation are illustrated.
However, the effect of deforestation on microbial functioning in soil, which could play a
major role in climatic impact, has not been investigated.
1.4 Specific Aims and Hypotheses
The overall goal of this research project was to determine how anthropogenic
stressors, specifically land-use change and increases in temperature and N-deposition
rates, affect forest soil microbial communities critical to soil health and biogeochemical
cycling. In order to determine this, two different types of habitats were investigated:
tropical and temperate forests. Our first study site to investigate the effects of land-use
change on old-growth tropical forests was a chronosequence, or time series, of pristine
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forests, pastures, and secondary forests at the Fazenda Nova Vida (cattle ranch) in
Rondônia, Brazil (Fig. 1.2a and b). Our second study site to investigate the effects of
elevated temperature and N-deposition rates was the Soil Warming and Nitrogen (SWaN)
experimental plots located in the Harvard Forest LTER, Petersham, MA (Fig. 1.3a and b).
The goal of this project was investigated in three different chapters (2, 3, and 4) detailed
below with their associated hypotheses:
Chapter II: Land-Use Change Drives Abundance and Community Structure Alterations of
Thaumarchaeal Ammonia Oxidizers in Tropical Rainforest Soils in Rondônia, Brazil
The goal of this chapter was to determine how land-use change alters the
abundance and community structure of a specific guild of N-cycling organisms, aerobic
ammonia-oxidizing bacteria and archaea (AOB and AOA, respectively), in the soil of
tropical rainforests undergoing land-use change to pasture and later to abandoned
secondary rainforest. As these organisms catalyze the rate limiting step of ammoniaoxidation process, they are known to be critical to affecting the rest of the N-cycle. Due
to the harsh disturbances of slash-and-burn land clearing methods, we hypothesize that
the abundances and community structures AOB and AOA communities will not be
resistant to land use conversion pristine rainforest to pasture. However, as pastures are
abandoned and allowed to form secondary forests, the AOB and AOA communities will
show resiliency and return to pre-disturbance abundances and community structures.
Chapter III: Conversion of Tropical Rainforest to Pasture Causes Consistent Annual
Shifts in Bacterial Community Structure and Biotic Homogenization
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The goal of this chapter was to determine how land-use change alters the
community richness, structure, taxonomic and phylogenetic diversity, and community
turnover of total bacterial OTUs and minimum entropy decomposition (MED) nodes,
analogous to highly resolved, strain level taxa, in the soil of tropical rainforests
undergoing land-use change to pasture and later abandonment to secondary forest. This
project is an extension of the work performed by Rodrigues and colleagues (2013) in that
it seeks to determine how bacterial OTU and MED node community dynamics differ both
in space and time. We hypothesized that due to the intense disturbance of land-use
change, soil bacteria will show consistent responses in community structure and diversity,
especially in regards to biotic homogenization, across multiple years of sampling. We
also hypothesized that MED node distribution patterns of bacterial communities will be
similar to the OTU distribution patterns found by Rodrigues and colleagues. More
specifically, the same patterns will be seen for the pristine forest and pasture land-uses
over time (constancy of response) but the magnitude of the differences between the landuses within a year will be greater than those of OTU-based analyses because of the finer
resolution of MED nodes.
Chapter IV: Continuous Warming and Nitrogen Fertilization of Temperate Forest Soil
over a Six Year Timespan Alters Nitrogen Cycling Microbial Community Structure but
not Nitrogen Cycling Process Rates
The goal of this project was to determine how different types of anthropogenic
stressors, namely increases in temperature and N-deposition rates, affect N-cycling
microbial communities (N-mineralizers, ammonia-oxidizers, and denitrifiers) in the
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dominant land-use type in the northeastern United States (i.e. secondary forests). These
temperate forests can act as a type of predictive model for what will happen to tropical
forests as land-use change allows for growth of secondary forest and as climate change
and industrialization increases temperatures and N-deposition rates. As the processes of
N-mineralization, ammonia-oxidation, and denitrification allow for increased mobility
and loss of inorganic nitrogen in an ecosystem, investigating how these processes are
altered by temperature and N-deposition rate changes is critical in predicting how
temperate forests will respond to climate change. We hypothesize that bacterial and
archaeal N-mineralizing (chitin degrading), nitrifying, and denitrifying communities will
not be resistant to warming and N-fertilization but will show shifts in community
structure and nitrogen-cycling process rates (process redundancy) as opposed to
completely different N-cycling processes (Fig. 1.4).
1.5 Significance
The broader impacts of this basic research center on developing a greater
understanding of how the anthropogenic stressors of land-use change and climate change
affect microbial community dynamics and functioning on a variety of levels. The findings
of Chapter II will have applications in the study of soil microbial community ecology and
biogeochemistry as ammonia-oxidizing microbes play critical roles in the retention and
eventual loss of reduced nitrogen in tropical forest ecosystems. Chapter III will contribute
to soil microbial biogeography along with showing the advantages and disadvantages of
using MED nodes as opposed to OTU-based analyses in 16S and 18S rRNA based
community investigations. Chapter IV will provide a continuation of these studies into
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secondary growth temperate forests experiencing the anthropogenic stressors of increases
in temperature and N-deposition rate. In total, the work of this dissertation will provide
answers to the following overarching questions:
1. What types of AOB and AOA are found in Brazilian rainforest and pasture soils? Are
they similar to other types of AOB and AOA found in other low pH soil environments?
2. Do AOB and AOA show the same types of responses to land-use conversion as the
total bacterial community, or do these organisms show resilience or redundancy in the
face of land-use change disturbance?
3. Do soil bacterial taxa distribution patterns found in tropical primary forest and pasture
land-uses persist across years at different spatial scales?
4. Does the process of biotic homogenization, as found by Rodrigues and colleagues
(2013) for soil bacterial communities, apply across all taxonomic levels or only at coarse
OTU cutoffs?
5. What specific bacterial strains are associated with forest and pasture land-uses in
Brazilian soils?
6. What types of ammonia-oxidizing and denitrifying organisms are found in temperate
forest soil of the Harvard Forest LTER?
7. In the context of long-established temperate secondary forests, how do present day
climate change and N-deposition rates affect the potential function and community
dynamics of different function guilds of the N-cycle?
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8. Is one type of experimental disturbance in the SWaN plots dominant in influencing the
potential function and community assembly dynamics of N-cycling organisms, or are
both disturbances equally influential?
Investigating the response of soil microorganisms in different biomes to anthropogenic
disturbance will be critical in gaining a full understanding of how these microbes
contribute to soil health and ecosystem survival. Alterations to such organisms can have
profound impacts on biogeochemical cycling which can greatly affect tree and crop
health. Thus, in order to cope for the future effects of anthropogenic land-use change and
climate change, we need to understand how the basis of life, microbes, respond to such
stressors.
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1.6 Figures and Tables

Figure 1.1: The microbial N-cycle and the genes associated with enzymes involved in
various steps of the cycle. The process of converting organic N (Norg) to ammonium
(NH4+) depicted is N-mineralization or ammonification. See the text and table 1.1 for a
description of the genes involved in the various pathways of the cycle.
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A.

B.

Figure 1.2: (A) Location of the state of Rondônia, Brazil (Image from https://
en.wikipedia.org/wiki/Rond%C3%B4nia#/media/File:Rondonia_in_Brazil.svg). (B)
Aerial image of pristine forest, pasture, and secondary forest sites at the Fazenda Nova
Vida analyzed in chapters 2 and 3 (Courtesy of Brendan Bohannan).
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A.

B.
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C.

Figure 1.3: (A) Location of the Harvard Forest LTER site in Petersham, MA. (B)
Schematic map of the Soil Warming and Nitrogen (SWaN) Experiment setup at Harvard
Forest. The four treatments of the experiment are control, warmed, N-fertilized, and
warmed x N-fertilized (see chapter IV materials and methods for a complete description
of the study site; image courtesy of S. Frey). (C) Image of one of the experimental plots
in the SWaN experiment in the summer (image courtesy of S. Frey).
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Figure 1.4: Schematic of possible responses of microbial communities and process rates
to anthropogenic disturbances of increasing temperature and N-deposition. We
hypothesized that process redundancy would be seen in N-cycling community structure
and function in soil from the Harvard Forest SWaN plots.
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Table 1.1: List of biomarker genes commonly used in culture-independent studies of
denitrification
Biomarker Gene

Process1

Cell Location

Encoded Protein and
Function

napA

Nitrate respiration

Periplasmic

Large subunit of NO3reductase enzyme

narG

Nitrate reduction

Transmembrane

Large () subunit of
nitrate reductase

nirK

Nitrite respiration

Periplasmic

NO2- reductase (Cu-based)

nirS

Nitrite respiration

Periplasmic

NO2- reductase
(cytochrome cd1-based)

norB
nosZ

Nitric oxide respiration Transmembrane NO reductase (cytochrome
b subunit)
Nitrous oxide respiration

Periplasmic

N2O reductase

Notes:
1

Process indicates in which specific function of denitrification that the enzyme is used.

2

Table data adapted from Zumft (1997) and Myrold (2005).
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CHAPTER 2
LAND-USE CHANGE DRIVES ABUNDANCE AND COMMUNITY STRUCTURE
ALTERATIONS OF THAUMARCHAEAL AMMONIA OXIDIZERS IN
TROPICAL RAINFOREST SOILS IN RONDÔNIA, BRAZIL
2.1 Abstract
The Amazon Rainforest plays major roles in global carbon and nitrogen cycling.
Despite this region’s immense importance, deforestation and pasture creation are still
occurring at alarming rates. In this study, we investigated the effects of land-use change
on aerobic ammonia-oxidizers in primary rainforest, young and old pasture, and
secondary forest in Rondônia, Brazil. Forest-to-pasture conversion decreased soil nitrate,
phosphorus, and exchangeable acidity contents that recovered to pre-disturbance levels as
pastures aged or were abandoned and formed secondary forest. The ammonia-oxidizing
community, numerically dominated by thaumarchaea, shifted due to land-use change,
both in terms of gene abundance and community structure. However, thaumarchaeal
ammonia monooxygenase gene abundances did not correlate with any measured soil
physicochemial parameters. Phylogenetic analyses showed that community structural
changes in ammonia-oxidizing thaumarchaea are driven by a shift away from primary
rainforest, old pasture, and secondary forest clusters to separate clusters for young
pasture. Additionally, the nearly complete disappearance in young pasture, old pasture,
and secondary forest sites of a thaumarchaeal genus, the Nitrosotalea, indicates that landuse change can have long lasting effects on large portions of the thaumarchaeal
community. The results of this study can be used as a conceptual foundation for
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determining how ammonia-oxidizers become altered by land-use change in South
American tropical forests.
2.2 Introduction
Amazônia is a region of forest and savannah inside the Amazon River basin and
encompasses an area of approximately 6.7 x 106 km2, nearly equivalent to the size of
Australia. The rainforest in Amazônia plays a major role in both regional and global
carbon, nitrogen, and water cycles and global temperature patterns. For example, the
trapping of CO2 and the evapotranspiration that occurs in the rainforest aids in regulating
the warming of the planet (Bala et al., 2007; Davidson et al., 2012).
Despite this importance, slash-and-burn conversion of Amazonian rainforest to
pasture and cropland is still occurring at an alarming rate, exposing this deforestation
frontier to the “boom-and-bust” patterns that occur in the timber, cattle, and crop
industries (Cardille and Foley, 2003; Houghton et al., 2000; Lapola et al., 2014;
Rodrigues et al., 2009). Much work has been done to document the change in
macroogranism community structure and alteration of forest-related ecosystem services
after the slash-and-burn process and development of cropland (Andrade et al., 2015; Eva
et al., 2004; B Feigl et al., 2006; Foley et al., 2007). More recent work has been
performed to investigate the effects of land-use conversion on microbial communities
inhabiting the soil of the rainforests. These microbiological studies have either
concentrated on how the structure of microbial communities differs in various Amazonian
soil types (Borneman and Triplett, 1997; Kim et al., 2007; Rodrigues et al., 2013) or on
the altered edaphic factors which affect soil bacterial community structure (Jesus et al.,
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2009). Some recent studies have focused on how land-use conversion effects specific
functional groups of microbes, such as those involved in globally important carbon and
nitrogen (N) biogeochemical cycles (Mirza et al., 2014; Navarrete et al., 2011; Paula et
al., 2014; Taketani and Tsai, 2010).
Perturbations to the N-cycle can alter the amount of ammonium (NH4+) or nitrate
(NO3-) available for microbial or plant usage as well as the amount of the ozone
degrading gas nitric oxide (NO) and the potent greenhouse gas nitrous oxide (N2O)
released into the atmosphere (Levy-Booth et al., 2014; Madigan and Martinko, 2006).
There have been numerous studies investigating the effects of deforestation on soil N
nutrient availability and on biogeochemical N-cycling dynamics (Cerri et al., 2006;
Davidson et al., 2004; de Moraes et al., 1996; Neill et al., 1999, 1997, 1995). The studies
by Neill and colleagues (1999, 1997, 1995) have shown a build up of NH4+ and a
decrease in NO3- in pasture soils compared with primary rainforest soils along with
decreases of net and gross nitrification and mineralization rates. These findings indicate
that processes centered on the production and oxidation of NH4+ in rainforest soil are
affected by conversion to pasture.
In order to better understand the impact of land-use change on the taxonomy and
phylogeny of specific groups of N-cycling organisms, the objective of this current study
was to analyze the changes in the community abundance, structure, and diversity of
ammonia-oxidizing bacteria (AOB) and thaumarchaea (AOA) in Western Amazonian
soils under different land uses. This current study focuses on phylogeny and gene
abundance, instead of repeating rate measurements, in order to complement the work of
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Rodrigues and colleagues (2013) who found conversion of forest to pasture significantly
increased bacterial OTU richness and diversity and led to biotic homogenization of
bacterial OTUs in pasture sites. Based upon the similar levels of functional gene richness
and the association of ammonia monoxygenase genes with primary and secondary forest
sites as seen by Paula and colleagues (2014), we hypothesized that the abundances and
community structures of the AOB and AOA will not be resistant to land use change from
forest to pasture. However, we predict such communities will show resiliency and return
to pre-disturbance community abundances and structures when pastures are abandoned
and secondary forest is allowed to form. Similar to the studies by Navarrete and
colleagues (2011) and Paula and colleagues (2014), we investigated the effects of landuse change on ammonia-oxidizing communities in tropical forest soil. However, this
current study goes beyond the intial GeoChip, DGGE, and Sanger sequencing findings of
Navarette and collegeus (2011) and Paula and colleagues (2014) to determine absolute
amoA gene copy abundance and to investigate the phylogenetic structure of AOA
communities in rainforest soils undergoing land-use disturbance using next-generation
sequencing of the amoA gene.
2.3 Materials and Methods
2.3.1 Sampling Site Description, Soil Processing, and Soil Chemistry
Characterization
In order to study the effects of deforestation on soil microbial communities, a
chronosequence, or time-series, of primary forest, pasture, and secondary forest was
sampled at the Amazon Rainforest Microbial Observatory [ARMO; (Rodrigues et al.,
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2013)], located at the Fazenda Nova Vida (cattle ranch; 10°10’5’’S and 62°49’27’’W) in
the State of Rondônia, Brazil. This site has been used in numerous studies cataloging the
effects of deforestation on soil chemistry, gaseous emissions from soil, and on N-cycling
rates in soil (Cerri et al., 2006; Neill et al., 2005, 1999, 1997, 1995; Steudler et al., 1996).
The chronosequence used in this study contained a total of four plots. One plot consists of
primary, untouched rainforest while another is secondary forest re-growth. The remaining
two plots are pastures established by deforestation in 1911 and 2004. These pastures were
chosen to determine the effects of deforestation on microbial communities in sites that
had undergone recent and long-term (50+ years) disturbance. The 2004 pasture, primary
rainforest, and secondary rainforest are approximately one kilometer away from each
other. The 1911 pasture is approximately five kilometers away from the other three sites
of the chronosequence. Pastures were seeded with the grasses Brachiaria brizantha and
Panicum maximum. The pastures were established using slash-and-burn techniques. None
of the pastures have been subjected to chemical fertilization or tillage treatments.
However, two years after establishment, pastures were burned in order to control weed
growth. Also, larger weeds were removed by hand when found by ranch workers.
In each land use treatment, three soil cores were collected along a transect. The
first and second cores were separated from each other by a 10 m distance while the first
and third cores were separated by a 100 m distance. The soil cores were taken from the
top 0-10 cm of the mineral soil profile. Each soil core was placed into sterile bags and
mixed by hand. The mixed soil was sieved (2 mm gauge size) to remove large rocks and
roots. The soils were transported on ice and stored at -20°C before analysis. Sub-samples
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of each soil, stored at 4°C, were also analyzed for pH, total C and N, and other elemental
analyses in previous ARMO studies (Mirza et al., 2014; Paula et al., 2014; Rodrigues et
al., 2013). Total C and N were determined using a LECO Elemental Analyzer and a
Costech ECS140 CHN/S/O elemental analyzer at the Centro de Energia Nuclear na
Agricultura, University of Sao Paulo, Brazil, and at the Department of Geosciences,
University of Massachusetts-Amherst, USA, respectively. Ammonium (NH4+) and nitrate
(NO3-) contents were determined for the triplicate samples collected per land use by
extracting 4.0 g soil with 40 mL of 2.0 M KCl for one hour at room temperature and 200
rpm. After filtering extracts through Whatman GF-A filters and 0.45 μm surfactant-free
cellulose acetate syringe filters that were both pre-rinsed with 2.0 M KCl (D.R. Lammel,
personal communication), extracts were measured using a Lachat QuikChem 8500 Flow
Injection Analysis System (Hach Comp., Loveland, CO). The results for each site are
summarized in Table 2.1.
2.3.2 DNA Extraction
Total microbial DNA was extracted from each soil sample using the PowerLyzer
PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA). Triplicate DNA
extractions were performed on 0.25 g soil samples from three points per land use for
primary forest, 2004 pasture, 1911 pasture, and secondary forest sites. The DNA
concentration and quality of each sample pooled per sampling point was determined
spectrophotometrically using a Nano-Drop ND-1000 (NanoDrop Technologies, Inc.,
Wilmington, DE).
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2.3.3 Quantitative PCR Amplification
In order to determine the abundance of ammonia-oxidizer marker genes in soil
from the different land uses, quantitative PCR (qPCR) was performed using primers
targeting the gene of the α-subunit of the ammonia monooxygenase enzyme (amoA) from
thaumarchaeal (AOA) and bacterial (AOB) ammonia-oxidizing organisms. For AOA, the
primer set amoA19F/643R was used (Islam et al., 2008; Leininger et al., 2006; LevyBooth et al., 2014; Treusch et al., 2005). The standard consisted of purified amoA PCR
products from an uncultured AOA (GenBank Accession #: EU925228) cloned into and
amplified from the pSMARTGC HK vector (Lucigen Corp., Middleton, WI). Gene copy
numbers in standard aliquots were determined using the equation from Ritalahti and
colleagues (Ritalahti et al., 2006). A 10-fold dilution of the standard was used to generate
a standard curve ranging from 1.152 × 109 – 1.152 × 104 gene copies per reaction.
Amplification efficiencies for the 650 bp product ranged from 75.7%-86.2% with r2
values ranging from 0.990-0.996. This primer set was chosen as it provided a higher
average efficiency, upwards of 13% for some samples, compared to the 72.5% efficiency
obtained with the newer primer set CamoA19F/616R (Pester et al., 2012). For AOB,
despite using a range of seven primer sets previously tested in silico by Junier and
colleagues (2008), the soil DNA samples did not produce correctly sized products
consistently when used in multiple PCRs. Thus, the bacterial amoA gene abundance fell
below the detection level and could not be quantified in the soil DNA samples (Table 2.4
and Supplementary Materials and Methods).

34

All qPCRs were performed using a MJ Opticon DNA Engine 2 (MJ Research,
Waltham, MA) in 20 μL reactions consisting of 2.0 μL of 10X Omni KlenTaq Mutant
Reaction Buffer (DNA Polymerase Technologies, St. Louis, MO), 1.6 μL of 2.5 mM each
dNTP (GeneScript, Piscataway, NJ), 0.05 μL T4 gene 32 protein (New England Biolabs,
Ipswich, MA), 0.50 μL of 5.0 μM forward and reverse primers (Integrated DNA
Technologies, Coralville, IA), 1.0 μL of 20X EvaGreen dye (Biotium Inc., Hayward,
CA), 0.2 μL of Omni KlenTaq Polymerase, and nuclease-free water. Three biological
replicates were tested per land-use type (n =3) with triplicate DNA extracts measured per
biological replicate. The qPCR program consisted of an initial denaturation at 95.0°C for
5 min, followed by 41 cycles of 95.0°C for 15 sec, 61.4°C for 30 sec, 68.0°C for 30 sec,
83.0°C for 20 sec (to denature potential primer dimers), and a plate fluorescence
measurement. After a final extension at 68.0°C for 5 min and a sample cooling period at
30.0°C for 5 min, a melting curve from 65.0 – 90.0°C (hold 1 sec followed by plate
fluorescence measurement) was performed in order to ensure product specificity.
Samples were also electrophoresed in 1.0% agarose gels to ensure correctly sized product
amplification. All samples were also tested for PCR inhibition using the method of
Zaprasis and colleagues (2010), and samples showing inhibition were corrected
(Supplementary Materials and Methods).
2.3.4 Pyrosequencing of Thaumarchaeal amoA Genes and Bacterial 16S rRNA Genes
In order to determine what structural shifts may be occurring in the ammoniaoxidizing communities in the soils of the different land-use treatments, the total soil DNA
was used in amplification and pyrosequencing of thaumarchaeal amoA genes by
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Molecular Research LP (Shallowater, TX). Briefly, equal concentrations of total soil
DNA from each triplicate sample per sample point were combined together to produce
one composite DNA sample per land-use type. DNA samples were quantified via Qubit
florescent dye measurement (v1.0). The thaumarchaeal amoA gene was amplified from
each land-use sample using barcoded Arch-amoAF and Arch-amoAR fusion 454 primers
(Francis et al., 2005). The genes were amplified using the HotStarTaq Master Mix Kit
(Qiagen, Valencia, CA). The program used was an initial denaturation time of 94.0°C for
3 min followed by 28 cycles of 94.0°C for 30 sec, 53.0°C for 40 sec, and 72.0°C for 1
min. This was followed by a final elongation at 72.0°C for 5 min. The different amplicon
products were mixed in equal amounts and purified via Agencourt AMPure beads
(Beckman Coulter, Inc., Brea, CA). Amplicon products were sequenced using the Roche
454 FLX-Titanium instrument and reagents according to the manufacturer’s
specifications.
Due to the difficulties in amplifying bacterial amoA genes, total soil DNA from
the different land-use treatments was used in bacterial 16S rRNA gene pyrosequencing in
order to characterize potential soil AOB within the total bacterial community
(Supplementary Materials and Methods).
2.3.5 Sequence Processing, OTU Clustering, and Community Structure Analyses
All initial sequence processing was performed using the Ribosomal Database
Project Initial Processing Pipeline (Cole et al., 2014). After eliminating poor quality reads
(Q-score < 20, length < 300 bp, max number of Ns = 0, max forward primer distance = 2)
and trimming off barcodes and primers, thaumarchaeal amoA nucleotide sequences were
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corrected for frameshift mutations using the FrameBot tool implemented in the FunGene
analysis pipeline (Fish et al., 2013; Wang et al., 2013). These corrected nucleotide
sequences were aligned in the software program mothur (Schloss et al., 2009) with a
reference alignment database consisting of amoA sequences of all cultured AOA and
select uncultured AOA downloaded from the FunGene Repository (Fish et al., 2013).
Chimeras were removed using the implementation of UCHIME (Edgar et al., 2011) in
mothur. A distance matrix was made from the aligned sample sequences and was used in
clustering to form operational taxonomic units (OTUs) at a cutoff of 85%. This cutoff has
recently been recommended by Pester and colleagues (2012) and is based on the pairwise
amoA sequence similarity between AOA when compared to a species OTU definition
(97%) based on 16S rRNA genes from the same isolates. Bacterial 16S rRNA genes were
processed according to a similar pipeline (Supplementary Materials and Methods).
In order to compare the structures of thaumarchaeal ammonia-oxidizing
communities between different land-use treatments, OTUs were used in analysis of
molecular variance (AMOVA), homogeneity test of molecular variance (HOMOVA), and
∫-libshuff analysis in mothur (Schloss, 2008; Schloss et al., 2009, 2004). AMOVA, a
version of traditional analysis of variance, is a non-parametric statistic which determines
if the genetic diversity within two communities is different than the diversity that would
result from pooling the communities (Schloss, 2008). HOMOVA is a non-parametric
version of Bartlett's test of homogeneity of variances. This statistic tests if the genetic
diversity in multiple communities is different (Schloss, 2008). Using these tests in
conjunction with ∫-libshuff, which compares community structures, enables determination
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of how two or more communities' structures differ from one another. Prior to performing
these analyses, thaumarchaeal amoA OTUs for each land-use were subsampled to ensure
equal sizes of OTU libraries between land-use treatments. Due to the six comparisons
being made between land use treatments, a Bonferroni correction was used to set a
significant p-value at p = 0.00833 for community structural comparisons.
2.3.6 Phylogenetic Characterizations of Thaumarchaeal Ammonia-Oxidizing
Communities
Representative OTUs from the chimera screened thaumarchaeal amoA dataset,
based on the 85% cutoff, were determined using mothur. Sequences for these
representative OTUs, which had been quality filtered and corrected for frameshifts using
FrameBot, were combined with amoA sequences of cultured and uncultured AOA. These
sequences were aligned with mothur using the database initially used for OTU clustering.
This alignment was used to construct maximum likelihood phylogenetic trees using the
Tamura 3-parameter + gamma distribution nucleotide substitution model in the software
package MEGA v 6.0 (Tamura et al., 2013). Inferred amino acid based trees showed
similar branching topology but a lower degree of phylogenetic separation due to
polytomies among some of the subclusters. Thus, only DNA based trees are shown. The
thermophilic AOA Nitrosocaldus yellowstonii (NCBI Accession #EU239961) was set as
the outgroup.
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2.3.7 Statistical Analyses of Soil Physiochemical Parameters and Archaeal amoA
Gene Copy Levels
All soil physiochemical and qPCR data analyses were performed using R
implemented through Rstudio (R Development Core Team, 2013; RStudio, 2012). Soil
physiochemical parameters were square-root transformed in order to assure normality of
data and homogeneity of variances. Due to small sample sizes per land-use type (n=3) for
each soil parameter, a one-factor ANOVA-like Bayesian comparison was used as
implemented in the program ANOVAonewayJagsSTZ.R (Kruschke, 2011). For the nontransformed qPCR data (n = 3 biological replicates per land-use with three technical
replicates for each biological replicate), a two-factor ANOVA-like Bayesian program
(AnovaTwoFactor.R; http://www.indiana.edu/~kruschke/DoingBayesianData
Analysis/Programs/?C=M;O=D), which makes use of a t-distribution as opposed to a
normal distribution for comparisons, was used as it provided stronger inferences than the
one-factor program. Additionally, in order to determine the interrelatedness of the various
soil parameters and qPCR abundances to each other, Spearman correlation coefficients
were determined on the non-transformed data using the R package 'psych' (Revelle,
2015). P-values for the correlation coefficients were adjusted using the Bonferroni
correction and were considered significant if p < 0.05 (Table 2.6).
2.3.8 Nucleotide Sequence Accession Information
The FASTQ files for the thaumarchaeal amoA and bacterial 16S rRNA gene
sequences were deposited in the NCBI Sequence Read Archive under SRA Study
SRP060575, BioProject ID PRJNA288363.
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2.4 Results
2.4.1 Soil Physiochemical Properties
The four different land-use treatments of primary forest (PF), young pasture (P2004), old pasture (P-1911), and secondary forest (SF) showed statistically different
values for three of the 27 measured soil physiochemical properties: NO3- content,
phosphorus (P) content, and exchangeable acidity (H+ and Al3+ levels combined) (Table
2.1 and Table 2.5). The change from primary forest to young pasture caused a significant
decrease in P content and H + Al, but these properties recovered to primary forest levels
in old pasture and secondary forest. Additionally, there was a significant decrease in NO3content between the primary forest and the young and old pasture sites. However, after
the abandonment of pasture and conversion back to a secondary forested landscape, NO3content recovered to primary forest levels.
2.4.2 Quantitative PCR Analysis of Thaumarchaeal and Bacterial amoA Genes
Despite numerous efforts (see Supplementary Materials and Methods and Table
2.4), consistent amplification of the AOB amoA gene was not achieved (data not shown).
Successful quantitation of the thaumarchaeal amoA gene by qPCR revealed significantly
fewer thaumarchaeal amoA gene copies per ng total soil DNA in young and old pastures
compared to primary and secondary forest (Fig. 2.1). No difference was seen in
thaumarchaeal amoA gene copies per unit total soil DNA between primary and secondary
forest. When normalizing to gram of dry soil, the old pasture was not significantly
different than the primary and secondary forests, and the primary forest and young
pasture were not significantly different (Fig. 2.3). Despite the significant decrease in gene
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copies per unit total soil DNA between the pastures and forests, thaumarchaeal amoA
gene copies were not correlated significantly with any of the measured soil
physiochemical variables (Table 2.6).
2.4.3 AOA and AOB Community Characterizations and Phylogenetic Analyses
Pyrosequencing of the amoA gene (for thaumarchaea) and of the 16S rRNA gene
(total bacteria) was performed for total soil DNA samples from each land use. A total of
51,553 thaumarchaeal amoA and 148,446 bacterial 16S rRNA quality filtered and
chimera checked sequences were generated. Bacterial 16S rRNA reads (OTU data
summarized in Table 2.7) were classified using mothur (Schloss et al., 2009), and all
reads associated within the family Nitrosomonadaceae were harvested from the dataset.
No sequences from the genus Nitrosococcus were found. A total of between 9-13
thaumarchaeal amoA OTUs were found (Table 2.2). Both Good's coverage (Good,
1953) and Boneh estimators (Boneh et al., 1998) indicated that both communities were
thoroughly sampled and that the potential to find additional OTUs would be minimal
(Table 2.2). As primary forest was converted to pasture, the diversity of the AOA
community increased as seen by both the inverse Simpson and the Shannon index.
However, as pastures age or were abandoned to form secondary forest, the diversity
levels decreased to approximately pre-disturbance levels.
Initial 16S rRNA sequence characterization using the naïve Bayesian classifier
developed by Wang and colleagues (2007) had identified all of the retrieved
Nitrosomondaecae sequences as 'unclassified'. In order to determine how related these
sequences may be to known AOB, maximum likelihood phylogenetic analysis was
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performed. Despite being classified as belonging to the Nitrosomondaecae family, none
of the sequences showed a close association with known ammonia-oxidizers
(Supplementary Materials and Methods and Fig. 2.5). Concerning the AOA, maximum
likelihood phylogenetic analysis of thaumarchaeal amoA nucleotide sequences indicated
that most of the sequences form clusters which were related to the genus Nitrososphaera
(Fig. 2.2 and 2.4). Specifically, cluster #3 was closely related to N. viennensis and N.
evergladensis. The young pasture sequences cluster almost exclusively from the primary
forest, secondary forest, and old pasture sequences, as seen by clusters 2, 3, 5, and 6. In
addition to the numerically dominant clusters of sequences related to the Nitrososphaera,
another cluster was most closely related to Nitrosotalea devanaterra and Nitrosotalea. sp.
Nd2 (Fig. 2.2 and 2.4). This cluster consisted almost completely of primary forest
sequences (94.9% PF, 0.7% P-2004, and 4.4% SF).
Lastly, AOA community structures and genetic diversity in the four land-use
treatments were determined using AMOVA, HOMOVA, and ∫-libshuff (Schloss, 2008;
Schloss et al., 2009, 2004). We found that both the community structures and genetic
diversity for the AOA were significantly different for all pairwise comparisons between
forested and pastured sites for all of the metrics used (Table 2.3; p < 0.001).
2.5 Discussion
2.5.1 Summary
In this study we investigated the effects of land-use change on ammonia-oxidizing
soil microbial communities in primary rainforest, young and old pasture, and secondary
forest in Rondônia, Brazil, using quantitation and next-generation sequencing of the
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amoA functional gene. The forest-to-pasture conversion common in this region of the
Amazonian rainforest caused decreases in soil NO3-, P, and exchangeable acidity that
appears to recover to pre-disturbance levels as pastures age or are abandoned to form
secondary forest. Similar to findings from a GeoChip analysis of functional genes for this
sampling site (Paula et al., 2014), the ammonia-oxidizer community, dominated by
archaea, has a large proportion of its diversity present in pasture sites. Phylogenetic
analyses showed that structural changes in the AOA are driven by a shift away from
primary/secondary forest and old pasture clusters to large, separate clusters for young
pastures. Additionally, the nearly complete disappearance of a whole genus of
thaumarchaea, the Nitrosotalea, indicates that land-use change can have substantial and
long lasting effects on large portions of the AOA community. While this study lacked
replication of entire chronosequences due to difficulty in finding well-documented
chronosequence sites in the Amazon rainforest, the findings of this study may indicate a
pattern of thaumarchaeal ammonia oxidizer community shifts in response to land-use
change.
2.5.2 Soil Physiochemical Properties Altered by Land-Use Change
The depletion of NO3- in pasture soils measured in this study is very similar to
results seen by Neill and colleagues (Neill et al., 1999, 1995) in primary forest and
pasture sites located on the sites where the current study was conducted. The lack of
significant differences in NH4+ content between the different land-uses, in contrast to what
had been found by Neill and colleagues, may be due to the high within-treatment
variation of the three replicate samples rather than due to a true lack of difference
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between the land-use treatments. Neill and colleagues also documented a decrease both in
net and gross N-mineralization and nitrification in pastures of increasing age compared to
primary forest. While the mechanisms of such a decrease in N-cycling rates are not
completely clear, the root systems of the Bracharia humidicola and Panicum maximum
grasses planted in Brazilian pastures have been shown to secrete the potent biological
nitrification inhibitor brachialactone in response to NH4+ being present in the root
environment (Gopalakrishnan et al., 2009; Subbarao et al., 2009). This inhibitor has been
shown to decrease both thaumarchaeal and bacterial amoA gene abundance in soil planted
with different strains of Bracharia and Panicum grasses (Subbarao et al., 2012, 2009). In
addition to B. humidicola, B. brizantha has been shown to secrete brachialactone, albeit
to a lesser degree than P. maximum (Subbarao et al., 2012). This ability to produce
brachialactone could provide a mechanistic explanation of NO3- depletion and
nitrification inhibition seen both in this study as well as by Neill and colleagues (1999,
1995). However, more work is needed to develop methods to extract and measure
brachialactone exudates directly from pasture soils in order to quickly confirm if soils
have the potential for biological nitrification inhibition.
2.5.3 Thaumarchaeal amoA Gene Copy Number Response to Land-Use Alteration
The values of the thaumarchaeal amoA gene numbers per unit total soil DNA and
per g dry soil illustrate the high abundance of AOA in these tropical soils. The large
difference in thaumarchaeal amoA gene abundance per unit total soil DNA in young and
old pastures compared to primary and secondary forest reflects the effect of major
landscape changes on members of the nitrifying communities. The drop in thaumarchaeal
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amoA gene abundance in young and old pastures is consistent with what was found by
Subbarao and colleagues (2012, 2009) in pastures planted with P. maximum and
Bracharia spp. in relation to non-planted, control soil plots. The recovery of
thaumarchaeal amoA gene abundance in secondary forest also illustrates the resiliency, or
ability to recover from disturbance, of thaumarchaeal populations in the face of land-use
change. One potential effect of a recovery of amoA gene abundance may be a
phylogenetic shift in thaumarchaeal communities once the stress of a monoculture of
pasture grass is replaced by a secondary forest (Fig. 2.2). Given the potential of the
grasses to secrete brachialactone in order to compete for NH4+, the persistence of AOA in
the pastures is intriguing. It has been documented in previous studies that thaumarchaea
may possess and even express the amoA gene and yet not be involved in ammoniaoxidation. For example, Mussman and colleagues (2011) investigated nitrifying
communities in wastewater treatment plants and found that thaumarchaeal amoA genes
outnumbered AOB amoA genes by 10,000-fold. However, the transcription of
thaumarchaeal amoA genes and production of crenarchaeol, a membrane lipid found in
the thaumarchaea, was independent of the addition of ammonium to the water
(Mussmann et al., 2011). Additionally, Palatinszky and colleagues found that
Nitrososphaera gargensis, an AOA isolated from hot springs, was to able obtain
ammonium through the oxidation of cyanate when cyanate was supplied as the sole
source of energy and reductant (Palatinszky et al., 2015). They also found that other
thaumarchaea, which do not encode the genes for the cyanase enzyme needed to degrade
cyanate, can form syntrophic interactions with nitrite-oxidizing bacteria (NOB) which
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posses cyanase-encoding genes. After the NOB supply ammonium to the AOA, the AOA
in turn can produce nitrite through nitrification that can be fed back to the NOB
(Palatinszky et al., 2015). Lastly, thaumarchaeal AmoA is a copper-containing membrane
monooxygenase that potentially may be able to oxidize substrates other than ammonium,
such as methane, even though this has not yet been documented (Hatzenpichler, 2012).
Future studies need to be performed that determine brachialactone concentrations and
nitrification rates in old pasture soils (> 50 years old) in order to see if decreased
nitrification rates can be correlated to brachialactone concentrations in soil.
2.5.4 Ammonia-Oxidzier Community Structure and Phylogenetic Characterizations
The phylogenetic affiliation of Nitrosomondaceae sequences in the bacterial 16S
rRNA to non ammonia-oxidizing organisms and poorly classified beta-proteobacteria
indicate that the AOB community may be quite small, or non-existent, in these soils. This
lack of phylogenetic affiliation of the 16S rRNA sequences with known ammoniaoxidizers may also explain the lack of bacterial amoA gene amplification from the soils
despite the use of multiple primer sets (Supplementary Materials and Methods and Table
2.4). The small size of the AOB community is not surprising as studies have suggested
that AOA dominate over AOB (Leininger et al., 2006) and that AOA and AOB grow in
differing niches of soil with AOB preferring habitats with higher pH and AOA thriving
under lower pH (Nicol et al., 2008). Lastly, low levels of NH4+, as seen in our soils, have
been documented to enrich for AOA over AOB in culturing experiments (Verhamme et
al., 2011). This low soil pH, low NH4+ concentration, and any potential brachialactone
production by the Bracharia and Panicum grasses in the pastures could cause AOB to be
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in extremely low abundance. Ongoing metatranscriptomic analyses of forest and pasture
sites from the same sampling location will help to elucidate if AOB are contributing to
amoA expression in these soils despite their low abundance.
The alterations to the AOA community structure and to the phylogenetic
clustering illustrates the varying disruptions that land-use change can have on soil
thaumarchaea. The two main genera of isolated soil AOA, Nitrososphaera and
Nitrosotalea, dominate our soil system with Nitrososphaera spp. being numerically
greater (Fig. 2.2 and 2.4). This dominance of Nitrososphaera is unexpected given the
very low pH of our soils compared to the neutral pH used for enrichment and growth of
the cultured isolates Nitrososphaera gargensis and N. viennensis EN76 (Hatzenpichler,
2012; Hatzenpichler et al., 2008; Tourna et al., 2011). Other studies in acidic, subtropical
forest and agricultural soil in Hunan, China, found more sequences related to the group
I.1a and I.1a-associated clades (Nitrosopumilus and Nitrosotalea cluster, respectively)
than in the group I.1b (Nitrososphaera cluster) (Shen et al., 2013; Ying et al., 2010). It is
possible that yet uncharacterized acidophilic isolates of the genus Nitrososphaera thrive
in our soils and dominate ammonia-oxidation or that various carbon substrates, which
have recently been implicated in mixotrophic growth for some AOA isolates
(Hatzenpichler et al., 2008; Qin et al., 2014; Tourna et al., 2011), may be present in the
rhizospheres of forest trees and pasture grasses. Such mixotrophy, as opposed to
autotrophy and dependence on NH4+, could allow thaumarchaea to grow in pasture soils
containing biological nitrification inhibitors.
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The presence of the Nitrosotalea cluster (#4), predominantly in primary forests,
presents a troubling phenomenon that could be common in other South American tropical
sites undergoing land use change. Recent work by Lehtovirta-Morley and colleagues
(2014) on the physiology of two Nitrosotalea isolates, N. devanaterra Nd1 and N. sp
Nd2, indicated that these acidophilic archaeal ammonia-oxidizers have optimal growth
temperatures of 25°C and 35°C, respectively. Additionally, the specific growth rate of N.
devanaterra Nd1 was found to be significantly decreased in the presence of pyruvate,
citrate, α-ketoglutarate, succinate, fumarate, and malate compared to inorganically grown
controls (Lehtovirta-Morley et al., 2014). While soil temperature and organic acid content
were not measured in the soils of this study, it is possible that land-use change from
pristine forest to pasture caused physiochemical alterations that could have been
detrimental to Nitrosotalea species. The near disappearance of this genus may be
indicative of microbial taxon elimination by land use change, and the potential
contribution of these thaumarchaea to overall ammonia oxidation rates may be significant
as seen in Chinese subtropical soils (Shen et al., 2013; Ying et al., 2010). Future work
will determine how ammonia-oxidation rates for secondary forests differ from those of
primary forests and pastures of varying age and how these rates correlate with
community composition changes.
In summary, the results of this study illustrate the drastic changes that occur to
thaumarchaeal ammonia-oxidizers in tropical soils of Amazônia during the process of
land-use change. Our initial hypothesis was supported only partially. While
thaumarchaeal amoA gene abundances in secondary forest recovered to primary forest
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levels after pasture abandonment, thaumarchaeal amoA community structures do not
return to a pre-disturbance state as the thaumarchaeal amoA secondary forest community
lacks organisms of the genus Nitrosotalea. Also, AOB were not found either by qPCR of
bacterial amoA genes or by bacterial 16S rRNA gene pyrosequencing, in contrast to other
studies in acidic (sub)tropical soils (Shen et al., 2013; Ying et al., 2010). Such findings
indicate that land-use change may permanently alter the community structures of
ammonia-oxidizing organisms in tropical soils.
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2.6 Figures and Tables

Figure 2.1: Abundance of AOA amoA genes per ng of DNA extracted from the different
land-use plot samples: PF, primary forest; P-2004, pasture established in 2004; P-1911,
pasture established in 1911; and SF, secondary forest. Bars represent means ± standard
error of the mean (n = 3 biological replicates for each land use type with 3 technical
replicates per biological replicate). Land-use plots which do not share the same letter are
significantly different (ANOVA-like Bayesian comparison, 95% highest density interval
for difference between means does not include zero). Note that the error bars for each
sample are of uneven length due to the logarithmic scale of the y-axis.
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Figure 2.2: (a) Maximum likelihood phylogenetic tree of the representative OTU AOA
amoA gene sequences from all of the land-use treatments. The phylogeny was generated
using 363 nucleotide positions of the amoA gene. The Tamura 3-parameter + gamma
distribution nucleotide substitution model was used. Bootstrap scores greater than 50%
are displayed. The bootstrap scores were calculated from 500 replications. Sequence
libraries were rarefied to 5635 sequences for each land-use treatment. The pie charts
depict the proportion of each subcluster's sequence composition that can be attributed to a
specific land-use treatment (primary forest (PF) – black, young pasture (P-2004) – white,
old pasture (P-1911) – light gray, and secondary forest (SF) – dark gray). The size of the
pie charts is the log-transformed value of the total number of sequences in that particular
subcluster. The tree was made using Nitrosocaldus yellowstoni as an outgroup. (b) The
inset table shows the total number of sequences in each subcluster and the percentage
attributable to each land-use treatment. The scale bar represents 10 substitutions per 100
bases. The numbers in parentheses next to reference sequences are the GenBank
accession numbers for those references. Bars within each cluster were collapsed.
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Table 2.1: Comparison of soil characteristics closely related to N-cycling between
different site treatments
Site

N

C

C/N

NH4+ NO3-

pH
(CaCl2)

0.173a 2.093a 12.163a 5.7a 3.6a
(0.035) (0.365) (0.365) (2.5) (1.1)

4.0a
(0.5)

P-2004 0.109a 1.483a 12.887a 11.1a 0.16b
(0.070) (1.143) (1.712) (9.5) (0.3)

4.7a
(0.3)

P-1911 0.241a 3.062a 12.916a 16.5a 0b
(0.060) (0.522) (1.538) (4.3) (0.0)

4.9a
(0.1)

0.150a 1.740a 11.673a 5.2a 3.8a
(0.000) (0.030) (0.006) (2.5) (1.5)

4.3a
(0.5)

PF

SF

Notes:
1
Sample abbreviations: PF, pristine forest; P-2004, pasture established in 2004; P-1911,
pasture established in 1911; and SF, secondary forest established in 1999.
2
The units for each of the soil characteristics are as follows: N, nitrogen (%); C, carbon
(%); C/N, carbon/nitrogen ratio; NH4+ and NO3-, μg-N (g dry soil)-1.
3
Sample values that do not have the same letter are significantly different from each
other (one-way ANOVA-like Bayesian Comparison, 95% highest density interval of
difference between means does not include zero). Soil parameters that showed significant
differences are bolded. All data were square-root transformed prior to analysis in order to
ensure normality of data and homogeneity of variances.
4
The values in parentheses indicate the standard deviation of the mean for each soil
parameter (n = 3).
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Table 2.2: Community characteristics of putative AOA under the different land-use
treatments
Land Use

Obs.
Inv.
Good's Coverage Shannon
Boneh
OTUs
Simpson

PF

10.0

0.999

0.675

1.617

1.151

P-2004

13.0

0.999

1.283

3.296

1.840

P-1911

9.0

0.999

0.140

1.061

1.380

SF

12.0

0.999

0.143

1.055

1.261

Notes:
1
Each site for AOA was normalized to 5635 sequences per library. The species cutoff
used was 85% as detailed in the Materials and Methods section.
2
The Boneh calculator estimates the number of additional OTUs that could be observed
with more sampling.
3
Single composite DNA samples for each land-use were sequenced. See section 2.4 of
the Materials and Methods for sample preparation details.
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Table 2.3: Comparison of community structures of putative AOA in soils under different
land use treatments
AMOVA
HOMOVA
∫-Libshuff
Comparison
F-score P-value
B
P-value ΔCXY P-value
PF ↔ P-2004 ↔ P-1911 ↔ SF

568.2

<0.001

747.9

<0.001

NA

NA

PF ↔ P-2004

226.5

<0.001

15.0

<0.001

0.0063

<0.001

PF ↔ P-1911

1070.9

<0.001

639.2

<0.001

0.0201

<0.001

PF ↔ SF

133.8

<0.001

189.9

<0.001

0.0034

<0.001

P-2004 ↔ P-1911

1007.8

<0.001

426.6

<0.001

0.0211

<0.001

P-2004 ↔ SF

320.4

<0.001

107.9

<0.001

0.0202

<0.001

P-1911 ↔ SF

1430.0

<0.001

56.2

<0.001

0.0156

<0.001

Notes:
1
AOA libraries were subsampled as indicated in Table 2.2 before performing AMOVA,
HOMOVA, and ∫-libshuff analysis.
2
In order to account for the multiple comparisons, a Bonferroni correction was applied.
Thus, with an α = 0.05, only p < 0.00833 is
considered significant.
3
∫-Libshuff analysis performed the reverse comparison for each land-use combination.
All of these reverse comparisons also had p < 0.001 except the SF↔PF which had a p =
0.0868.
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2.7 Appendix
2.7.1 Supplementary Materials and Methods
2.7.1.1 Inhibition Testing of AOA amoA qPCR Experiments
All DNA samples were diluted 1:50 in nuclease-free water, and 5.0 μL of these
dilutions were added to each qPCR in order to reduce pipetting error when pipetting low
volumes. Each sample was also tested individually for inhibition using the method of
Zaprasis and colleagues (Zaprasis et al., 2010) by spiking each sample with an equal
amount of 8.50 x 108 standard. The gene copy numbers for any sample which showed an
inhibition factor (IF) level below 1.0 were corrected by dividing the average gene copies
by the IF (Zaprasis et al., 2010). After correcting for inhibition and 50-fold dilution of
the template DNA, gene copy numbers per ng DNA were calculated by dividing
undiluted gene copy numbers by the ng DNA in 1.0 μL template. Gene copy numbers per
gram dry soil were calculated by dividing the undiluted gene copy numbers by the
average mass of dry soil used in the three technical replicates per soil sampling point.
2.7.1.2 Amplification Testing of AOB amoA
In order to determine if AOB amoA genes were present in soil from the different
land-uses, various sets of AOB amoA gene primers were tested (Table 2.4). These primers
had been tested in silico by Junier and colleagues (2008) in order to determine specificity
for different AOB isolates. Near full length amoA gene amplification products, amplified
from Nitrosomonas europaea genomic DNA using the primers 34f and 822rTG, were
used as a positive control in PCR tests. The PCRs were performed in 30 μL reactions
consisting of 3.0 μL of 10X KlenTaq Mutant Reaction Buffer, 2.4 μL of 2.5 mM each
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dNTP, 1.80 μL of 5.0 μM forward primer, 1.80 μL of 5.0 μM reverse primer, 0.09 μL of
Omni KlenTaq, 1.0 μL of template, and nuclease-free water. Betaine (stock concentration
of 5.0 M, Sigma-Aldrich, St. Loius, MO) was added to selected primer sets (Table 2.4),
which had shown smears or non-specific binding with initial amplification. The volume
of water in the master mix was adjusted to account for the differing betaine
concentrations. Template consisted of the near full length AOB amoA gene products
(positive control) and DNA extracts from each land-use treatment. While the positive
control showed correct amplification, there was either extensive smearing and multiple
band formation or no amplification with various soil DNA samples. Thus, amplification
of AOB amoA could not be performed consistently and was not included in the analyses.
2.7.1.3 Pyrosequencing of Bacterial 16S rRNA Genes
Briefly, total soil DNA was used in bacterial 16S rRNA PCRs using barcoded 454
fusion primers 577F/926R (Yang et al., 2014). Because of the bacterial amoA
amplification difficulties (Supplementary Materials and Methods), more DNA samples
per land use were sequenced for bacterial 16S rRNA in order to increase the likelihood of
finding AOB in each treatment. From the 100 m × 100 m nested sampling grids used in
our study sites by Rodrigues and colleagues (2013), 11 DNA samples (biological
replicates) were sequenced for PF, 12 for P-2004, 12 for P-1911, and 9 for SF. Unequal
numbers of biological replicates were sequenced for each sample due to unsuccessful
amplification of specific replicates. The PCR was performed in approximately 16 μL
reactions consisting of 1.6 μL of 10X Omni KlenTaq Buffer, 1.3 μL of 2.5 mM each
dNTP, 0.7 μL of 10 μM of forward and reverse barcoded primers, 0.05 μL Omni
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KlenTaq-LA Polymerase (DNA Polymerase Technologies, St. Louis, MO), and nucleasefree water. Approximately 0.7 μL of template was added to each reaction. The PCR
program consisted of an initial denaturation at 95.0°C for 3 min, 30 cycles of 95.0°C for
45 sec, 56.0°C for 45 sec, and 68.0°C for 1 min., and a final extension step at 68.0°C for
7 min. Amplicon products were gel purified using the ZymoClean Gel DNA Recovery
Kit (Zymo Research, Irvine, CA) and approximate product concentration and quality was
determined via 0.8% agarose gel quantification. Samples were sequenced at the Utah
State University Center for Integrated Biosystems and the Michigan State University
Research Technology Support Facility, as indicated by Rodrigues and colleagues (2013),
using Roche 454 FLX-Titanium instruments and reagents according to the manufacturer’s
specifications.
2.7.1.4 Sequence Processing, OTU Clustering, and Community Structure Analyses
of Bacterial 16S rRNA Genes
Bacterial 16S rRNA amplicon sequences were grouped together according to
land-use and were processed using the RDP Initial Pipeline tool (Cole et al., 2014) in
order to increase the probability of detecting bacterial ammonia oxidizers. After
eliminating poor quality reads (Q-score < 20, length < 300 bp, max number of Ns = 0,
max forward primer distance = 2), barcodes and primers were trimmed from the
remaining sequences. These processed sequences were aligned in mothur using the
provided SILVA reference database, and chimeras were removed using UCHIME. A
distance matrix was made from this alignment, and OTUs were defined at a 97% cutoff.
In order to focus on the ammonia-oxidizers in the 16S rRNA dataset, the sequences were
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classified using the mothur implementation of the naïve Bayesian classifier developed by
Wang and colleagues (2007) according to the SILVA taxonomy file provided with mothur.
All sequences related to the Nitrosomonadaceae, the family which contains the betaproteobacterial ammonia-oxidizers, were extracted from the data set and used in
phylogenetic analyses using the software package MEGA v6.0 (Tamura et al. 2013). No
sequences were detected from the gamma-proteobacterial genus Nitrosococcus of
ammonia-oxidizing bacteria. Due to the poor relatedness of the 16S rRNA sequences to
cultured bacterial ammonia oxidizers as determined by phylogenetic analyses, these
sequences were not used in OTU-based analyses.
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2.7.1.5 Figures and Tables
Table 2.4: Primer sets tested for AOB amoA amplfication
Forward Primer Reverse Primer Additive1 (concentration used)

Annealing Temp (°C)2

121f

359rC

NA

59.4

151f

681r

NA

59.4

332fHY

822rTG

NA

59.4

154fs

822rTG

NA

55.0

40f

359rC

NA

62.1

154fs

359rC

NA

55.9, 57.8, 59.3, 61.0, 62.4

154fs

822rTG

NA

55.9, 57.8, 61.0, 63.5, 65.0

154fs

822rTG

Betaine (0-2.0 M)

57.8

154fs

359rC

Betaine (0-2.0 M)

56.0

322fHY

822rTC

Betaine (0-2.0 M)

57.0, 60.2, 62.2

Notes:
- Primer names follow the convention of Junier and colleagues (2008).
1
Betaine was added in order to reduce smearing and non-specific binding. 'NA' indicates
no additive
was used for these PCR tests.
2
Primer sets with multiple annealing temperatures were tested in gradient PCRs using
these temperatures.
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Table 2.5: Comparison of all soil characteristics between different site treatments
pH

NH4+ NO3-

MC

5.7a

0.16a

4.0a

21.7a 5.7a, b

10.0a

0.8a 10.3a

5.0a

0.2a 1.3a

12.887a 11.1a 0.16b 0.20a

4.7a

26.3a

3.3a

9.3a

1.1a 14.0a

3.3a

0.2a 1.4a 165.0a 22.1a 1.4a 0.7a 21.7b 18.4a 40.1a 40.3a

a

a

b

Site

N

C

C/N

PF

0.173a

2.093a

12.163a

P-2004

0.109a

1.483a

P-1911

0.241

a

a

SF

0.150a

a

3.6a

b

a

(CaCl2)

OM

P

S

3.062

12.916

a

16.5

0

0.27

4.9

45.3

1.740a

11.673a

5.2a

3.8a

0.22a

4.3a

27.7a 5.7a, b

7.7

K

a

Ca

a

Mg

12.0

1.7

24.3

a

11.7a

1.1a 12.7a

B

a

Cu

a

Fe

Mn

70.7a

10.7

0.2

2.3

a

a

119.7

6.3a

0.2a 1.4a

75.3a

Zn

Al

H+Al

BS

CEC

V

M

Sand

Silt

Clay

60.6a 0.9a 2.3a 31.0a 16.2a 47.2a 33.3a 14.0a 783.7a 32.0a 184.3a

a

96.3

2.4

a

0.3

a

33.0

a

36.7

a

69.7

a

51.7

a

6.7a

630.0a 19.0a 351.3a

a

646.3a 36.0a 318.0a

1.0

50.1a 2.5a 2.3a 32.0a 20.1a 52.1a 35.7a 18.3a 735.7a 30.0a 234.3a

Notes:
1
Sample abbreviations: PF, pristine forest; P-2004, pasture established in 2004; P-1911, pasture established in 1911; and SF, secondary
forest established in 1999.
2
The units for each of the soil characteristics are as follows: N, nitrogen (%); C, carbon (%); C/N, carbon/nitrogen ratio; NH 4+ and NO3-,
μg-N (g dry soil)-1; MC, moisture content, g H2O (g wet soil)-1; OM, organic matter, g OM-C dm-3; P, S, K, Ca, mg dm-3; Mg and Al, mmol
dm-3; H + Al, exchangeable acidity (H and Al combined, %); BS, base saturation (%); CEC, cation exchange capacity; V, ratio of BS/CEC
(% of CEC occupied by basic cations); M, ratio of Al/CEC (% of CEC occupied by Al); sand, silt, and clay, g kg-1.
3
Sample values that do not have the same letter are significantly different from each other (one-way ANOVA-like Bayesian Comparison,
95% highest density interval of difference between means does not include zero). Soil parameters that showed significant differences are
bolded. All data were square-root transformed prior to analysis in order to ensure normality of data and homogeneity of variances.
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Table 2.6: Pearson correlation coefficients for pairwise comparisons between soil characteristics

Notes:
1
Significance values: *, p < 0.05; **, p < 0.01; ***, p < 0.001. These p-values were adjusted for multiple comparisons using the
Bonferroni
correction. Correlation values with significant p-values are bolded.
2
Soil characteristic names and units are as indicated in Table 2.4.
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Table 2.7: Community characteristics of the total bacterial population in soils under the
different land-use treatments
Good's
Site

Inv.
Shannon Boneh2

Obs. OTUs
Coverage Simpson

PF

3607.607

0.930

54.459

5.826

724.136

P-2004 3848.285

0.932

51.914

6.124

796.467

P-1911

3711

0.934

65.794

6.194

626.632

SF

3353.064

0.937

42.224

5.637

633.010

Notes:
1
The species OTU cutoff used was 97%.
2
The Boneh calculator estimates the number of additional OTUs that could be observed
with more sampling effort.
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Figure 2.3: Abundance of AOA amoA genes per gram dry soil in the different land-use
plot samples: PF, primary forest; P-2004, pasture established in 2004; P-1911, pasture
established in 1911; and SF, secondary forest. Bars represent means ± standard error of
the mean (n = 3 biological replicates for each land use type with 3 technical replicates per
biological replicate). Land-use plots which do not share the same letter are significantly
different (ANOVA-like Bayesian comparison, 95% highest density interval for difference
between means does not include zero). Note that the error bars for each sample are of
uneven length due to the logarithmic scale of the y-axis.
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Figure 2.4: Percent distribution of AOA amoA based OTU clusters across the four
different land-use types. Land-use designations are the same as in Fig. 1 in the main text.
As the graph depicts the percentage of clusters found in the sequence libraries for each
land-use type, the size of the bars does not correspond to the actual number of sequences
generated for each land-use type.
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Figure 2.5: (a) Maximum likelihood phylogenetic tree of the representative OTU
bacterial 16S rRNA gene sequences which classified to the family Nitrosomonadaecae
from all of the land-use treatments. The Kimura 2-parameter + gamma distribution
nucleotide substitution model was used. Bootstrap scores greater than 50% are displayed.
The bootstrap scores were calculated from 500 replications. Sequence libraries were
rarefied to 58 sequences for each land-use treatment. All of the sequences, except for
Cluster #9, were contained within the groupings A, B, or C. The tree was made using
Bacillus subtilis strain PS832 as an outgroup. (b) The inset table shows the total number
of sequences in each cluster and the percentage attributable to each land-use treatment.
The scale bar represents 5 substitutions per 100 bases. The numbers in parentheses next
to reference sequences are the GenBank accession numbers for those references.
Singleton and doubleton sequences were not removed due to the low number of
sequences in the Nitrosomonadaceae family recovered from each site.
Cluster A, which consists of 62.5% of all of the sequences classified as
Nitrosomonadaceae, was most closely related to to Tepidomonas sp. AA1 and Aquincola
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tertiaricarbonis strain C93. Tepidomonas sp. AA1 is a known thiosulfate oxidizer
(Albuquerque et al., 2006) while A. tertiaricarbonis is a known methyl tert-butyl ether
and tert-butanol degrader (Lechner et al., 2007). Clusters B and C, which represent
37.1% of the sequences, are related to unclassified beta-proteobacterial 16S rRNA gene
sequences. The single sequence in Cluster #9 is most closely related to Chitinimonas
taiwanensis strain cf, a known chitin degrader isolated from shrimp ponds (Chang et al.,
2004). Thus, from this phylogenetic analysis, sequences classified as being apart of the
Nitrosomonadaceae family by the naïve Bayesian classfier were actually not most closely
related to known ammonia oxidizers, illustrating the lack of similarity of these sequences
with those in classification databases.
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CHAPTER 3
CONVERSION OF TROPICAL RAINFOREST TO PASTURE CAUSES
CONSISTENT ANNUAL SHIFTS IN BACTERIAL COMMUNITY STRUCTURE
AND BIOTIC HOMOGENIZATION
3.1 Abstract
The Amazon rainforest plays critical roles in global biogeochemical cycling and is
a hotspot for plant and animal biodiversity. However, despite this global importance,
deforestation and creation of pastures and other agricultural fields are still occurring. Soil
bacterial communities central to soil health and biogeochemical cycling have been shown
to be affected by deforestation. While the number of studies investigating the effects of
forest conversion to pasture on soil microbial communities is increasing, no long-term
study of total bacterial community dynamics over multiple years has been performed. In
this study we investigated how consistent the effects of forest-to-pasture conversion are
on soil bacterial communities across multiple years. Making use of next-generation
sequencing analysis of bacterial 16S rRNA genes amplified from rainforest and pasture
soil collected annually in Rondônia, Brazil, from 2009-2011, we found that many of the
bacterial community responses to land-use change stayed consistent between land-use
types across all three years, especially in regards to OTU richness and Faith's
phylogenetic diversity. However, bacterial taxonomic (Bray-Curtis) and phylogenetic
(Weighted UniFrac) similarities only showed significant differences (P < 0.05) between
forest and pasture soil samples in 2009, possibly due to different DNA extraction kits
(MoBio PowerSoil DNA Extraction Kit vs. MoBio PowerLyzer DNA Extraction Kit)
being used in 2009 and 2010/2011. The bacterial distance-decay relationship of
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community similarity was significantly greater (P < 0.05) in forests compared to pastures
in 2009 and 2010 but did not show any significant difference in 2011. Lastly, two
bacterial OTUs, Rhodomicrobium udaipurense and Anaeromyxobacter dehalogens, were
found to be exclusive indicator species for the pasture land-use type across all three years
of sampling. These findings indicate that many parameters, such as OTU richness,
phylogenetic diversity, and distance-decay of community similarity, show responses
consistent across multiple years, illustrating the substantial effect of land-use change on
soil bacterial communities. Also, the presence of R. udaipurense and A. dehalogens
exclusively in the pastures may be indicative of changes in light penetration, nutrient
availability, and nitrous oxide emissions documented previously in our tropical soil sites.
Taken together, these results are the first to demonstrate the persistent disruption of
rainforest soil microbial communities across time and distance due to the establishment
and continued utilization of the pasture land-use type.
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3.2 Introduction
The region of Amazônia consists of large swaths of rainforest and savannah inside
the Amazon River Basin and stretches from Peru to eastern Brazil longitudinally and
from Bolivia to northern Brazil latitudinally. Due to its immense size, the Amazonian
rainforest is critical to several global biogeochemical cycles, such as the carbon (C) and
nitrogen (N) cycles (Bala et al., 2007; Bonan, 2008; Xu-Ri et al., 2012). It is also a hot
spot for macroorganism biodiversity with estimated numbers of plant and animal species
near 51,500 and 1,256,000, respectively (Lewinsohn and Prado, 2005). Despite this
importance to biogeochemistry and biodiversity, deforestation and conversion of
rainforest into pasture and cropland is still occurring (Cardille and Foley, 2003; Houghton
et al., 2000; Lapola et al., 2014).
Much work has been done investigating effects of Amazonian rainforest
deforestation on plant and animal species abundances and on the ecosystem services that
rainforests provide (Andrade et al., 2015; Eva et al., 2004; Feigl et al., 2006; Foley et al.,
2007). However, more recent work has focused on the effects of land-use conversion on
microbial communities inhabiting rainforest soil. Initial studies focused on characterizing
the bacterial and archaeal communities in various land-use and soil types (Borneman and
Triplett, 1997; Kim et al., 2007) and on the effects of various edaphic factors on bacterial
community structure (Jesus et al., 2009). Rodrigues and colleagues (2013) performed the
first biogeographic study of soil bacterial communities in rainforest and pastures. Making
use of next-generation sequencing methods, they found that, contrary to patterns seen for
plant and animal species, bacterial species richness and diversity increased with
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conversion of rainforest into pasture. Also, they determined that land-use conversion
caused biotic homogenization of bacterial communities in that such communities became
more similar to each other over varying distances in pastures compared to forests
(Rodrigues et al., 2013).
While many microbial ecology studies, such as the ones cited above, focus on
shifts in microbial community structure in response to anthropogenic land-use
conversion, very few studies perform molecular community structure and diversity
analyses on the same replicated sites through time. One recent study by Lauber and
colleagues (2013) found that bacterial communities in agricultural and successional soils
sampled over a seven month period show temporal variations in alpha and betadiversities that were as large, if not larger, than those caused by land-use variations.
However, this study did not investigate bacterial communities in other soil types, such as
tropical soils, or at a scale that would allow for analysis of community turnover (distancedecay). In light of this and of the findings of Rodrigues and colleagues (2013), the
objective of this current study was to perform an analysis of the effects of land-use
conversion on bacterial community dynamics and turnover in identical tropical soil plots
through time on an annual scale. We hypothesized that due to the intense disturbance of
forest conversion to pasture and the continued utilization of the pasture land-use type,
pasture soil bacteria will show consistent responses in community structure and diversity,
especially in regards to biotic homogenization, across multiple years of sampling. To the
best of our knowledge, this is the first study to analyze bacterial community
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biogeographical dynamics in tropical soils from the same sampling sites over multiple
years.
3.3 Materials and Methods
3.3.1 Sampling Site, Experimental Plot Design, and Soil Physiochemical Analyses
As this current study is an extension of the work performed by Rodrigues and
colleagues (Rodrigues et al., 2013), the sampling site, experimental design, and soil
physiochemical analysis methods are the same. Briefly, the study was performed at the
Amazon Rainforest Microbial Observatory (ARMO) located at the Fazenda Nova Vida
(cattle ranch) in the state of Rondônia, Brazil (10º 10' 5” S and 62º 49' 27” W). It was
established in 2009 as a model system to investigate the effects of conversion of pristine
rainforest into grazing pastures on soil microbial communities. The plant species
composition of this site has been described previously (Feigl et al., 2006). The pristine
rainforests contain Orbignya phalerata, Tabebuia spp., Erisma uncinatum, and Vismia
guianensis along with other unidentified plant species. The pastures, established through
slash and burn techniques in 1987, contain the grasses Urochloa brizantha (formerly
Brachiaria brizantha), U. decumbens, and Panicum maximum (Rodrigues et al., 2013).
Briefly, concerning the experimental plot design, triplicate plots were established
in pristine forest and pasture (Fig. 3.9). Two of the replicate plots were 1 km away from
each other while the third plot was 10 km away from the first plot. Each plot consisted of
an 100-m2 quadrat containing nested quadrat plots at 10-m2, 1-m2, 0.1-m2, and 0.01-m2.
This resulted in a total of 12 sampling points per 100-m2 plot. Such a design allowed us
to determine overall bacterial OTU richness within a plot (alpha diversity), diversity
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within each land-use type (beta diversity), turnover of diversity across distance, and
diversity across land-use types (gamma diversity). Soil samples were collected at the end
of the rainy season in 2009 (April 13-19), 2010 (March 13-19), and 2011 (March 12-16).
Soil was processed and stored for microbiological and soil physiochemical analyses as
indicated by Rodrigues and colleagues (2013).
The following soil parameters were measured during the experiment: pH, C, N,
C:N, OM (organic matter), P, K, Ca, Mg, CEC (cation exchange capacity), BS (base
saturation), and V (Base saturation/CEC). All analyses were performed at the Laboratorio
de Fertilidade do Solo, Department of Soil Science at the University of São Paulo as
specified by Rodrigues and colleagues (2013). Unlike the other soil parameters, OM was
not measured for samples collected in 2009.
3.3.2 Soil DNA Extraction and 16S rRNA Amplicon Sequencing
Total soil DNA was extracted from each of the sampling points in triplicate using
the PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) for the 2009
samples and the PowerSoil PowerLyzer DNA Isolation Kit (MoBio) for the 2010 and
2011 samples. The PowerLyzer kit was used for the 2010 and 2011 samples as it resulted
in substantially more DNA than the PowerSoil kit (data not shown). DNA quantity was
determined using a Nano-Drop ND-1000 spectrophotometer (NanoDrop Technologies,
Inc., Wilmington, DE) or by 0.8% agarose gel electrophoresis quantification.
Bacterial 16S rRNA genes were amplified from triplicate DNA samples using
primers 577F/926R that target the V4 region of the gene (Yang et al., 2014). The PCR's
for the 2009 samples were performed according to the methods of Rodrigues and
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colleagues (2013) while the PCR's for the 2010 and 2011 samples were performed using
the slightly modified protocol of Hamaoui and colleagues (2016). After amplification,
triplicate PCR amplicons were combined for each sample and were gel purified using
either the QIAQuick Gel Extraction Kit (Qiagen, Valencia, CA) or the ZymoClean Gel
DNA Recovery Kit (Zymo Research, Irvine, CA). Purified amplicon samples were
sequenced using Roche 454 FLX-Titanium instruments and reagents according to the
manufacturer’s specifications at the Utah State University Center for Integrated
Biosystems and the Michigan State University Research Technology Support Facility, as
indicated by Rodrigues and colleagues (2013) and Hamaoui and colleagues (2016).
3.3.3 Sequence Processing
Bacterial 16S rRNA gene sequences were initially processed using the RDP Initial
Pipeline tool (Cole et al., 2014). Sequence reads not matching quality standards (Q-score
< 20, length < 300 bp, max number of Ns = 0, max forward primer distance = 2) were
removed from the dataset. Remaining sequences were processed to remove barcodes and
primers. After this, sequences were further processed in the software program mothur
using a modification of the 454 standard operating protocol (Schloss et al., 2011, 2009).
Briefly, sequences were aligned using the SILVA.nr_v119 database supplied with mothur.
After screening sequences to optimize the starting and ending positions (95%
optimization criterion) and filtering out gaps and “.” characters, sequences were screened
for chimeras using the mothur implementation of UCHIME (Edgar et al., 2011). After
classifying sequences using the naïve Bayesian classifier of Wang and colleagues (Wang
et al., 2007) implemented in mothur, sequences not belonging to bacteria (chloroplasts,
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mitochondria, archaea, eukaryotes, and unknown) were removed from the dataset. Due to
uneven numbers of sequences generated from each soil core in each year, the dataset was
subsampled to 450 sequences per core in order to have the largest number of cores per
land-use type for later biogeographical analyses (see section 3.3.4). In order to reduce
biases in analysis due to subsampling different OTUs in the 450 sequences per core, the
subsampling process was repeated 30 times, and each later community ecological
analysis was based on the means of all 30 subsamplings. After generating the distance
matrix, sequences were clustered using the 'cluster.split' command at a taxalevel = 3. In
order to compare these analyses with those performed by Rodrigues and colleagues
(Rodrigues et al., 2013), OTUs were defined using a 95% sequence similarity cutoff.
Additionally, in order to generate OTU abundance tables for use in later analyses,
representative OTU numbers for each soil core were determined using the 'get.oturep'
command. Core numbers across each land-use and year were standardized to the lowest
number among all of the samples (n = 25). Lastly, in order to reduce sequencing artifacts,
any OTU which contained only one sequence was removed using the 'remove.rare'
command. A phylogenetic tree containing representative OTUs from all 30 subsamplings
was generated using the program FastTree 2 for use in later analyses (Price et al., 2010).
For later analyses in R, the tree was midpoint rooted using the program FigTree (v 1.4.1;
http://tree.bio.ed.ac.uk/software/figtree/).
3.3.4 Data Analyses
All data analyses were performed using the picante package (Kembel et al., 2010)
in the R statistical platform (R Development Core Team, 2013) implemented in RStudio
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(RStudio, 2012). Soil chemical parameters were compared using a generalized linear
model (GLM) with a Gamma error distribution. Bacterial OTU richness (alpha-diversity)
was estimated using the abundance-based coverage estimator (ACE) developed by Chao
and Lee (1992). Phylogenetic diversity was estimated based on Faith's phylogenetic
diversity (PD) (Faith, 1992). ACE and PD values between land-uses and years were
compared using a GLM with a Gamma error distribution. The Gamma error distribution
was used for the ACE values due to the fact that overall means between the 30
subsamplings of data were used in analysis, resulting in unbounded, positive decimal
values. Significant differences (P < 0.05) between the land-uses and years were found
using the multcomp package and a cell-means model for two-way ANOVA analysis
(Hothorn et al., 2008). Rarefaction curves of the ACE values were generated using the
'estaccumR' function in the vegan package (Oksanen et al., 2015).
In order to measure changes in community similarity, taxonomic (Bray-Curtis)
and phylogenetic (Weighted UniFrac) similarities were determined for each pairwise
comparison between sample cores within a land-use type using the vegan package
(Oksanen et al., 2015) and the GUniFrac package (Chen, 2012), respectively. Similarity
was determined as 1 – (Bray-Curtis index) or 1 – (Weighted UniFrac index). These
pairwise similarity values were averaged within a land-use to generate a mean similarity
value for the forest or pasture land-use. Both taxonomic and phylogenetic community
composition was compared between the land-uses and years using ANOSIM (Clarke,
1993) implemented in the vegan package. Additionally, taxonomic and phylogenetic
similarities between the land-uses and years were compared using a beta-regression
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model implemented through the betareg package (Cribari-Neto and Zeileis, 2010). A
beta-regression model was used in this case since the values of taxonomic and
phylogenetic similarity fall within the range of 0 to 1. As with alpha diversity, significant
differences (P < 0.05) between the land-uses and years were found using the package
multcomp and a cell-means model for two-way ANOVA analysis (Hothorn et al., 2008).
Prior to analysis, data was transformed as per the recommendation of Smithson and
Verkuilen (2006) according to the equation (y(n-1) + 0.5)/n, where n is the number of
replicate samples per land-use (n = 25). Also, differences in taxonomic and phylogenetic
community similarity were visualized via non-metric multidimensional scaling plots
constructed using the vegan package.
Distance-decay of similarity was determined for each land-use and year using
both taxonomic and phylogenetic similarity metrics. Distance between sampling points
was determined using the geographic coordinates and physical location of each sampling
point in the nested sampling grid. The distance-decay relationship was determined by
regressing the pairwise similarity metric against the pairwise log distance between points
via linear regression. In order to determine if the slopes between the two land-use types in
each year were significantly different from each other, the 'diffslope' function of the R
package simba was used (Jurasinski and Retzer, 2012). For each land-use type slope
comparison, 1000 permutations of the data were used.
Lastly, in order to determine if any bacterial OTU is specifically found in forest or
pasture across all three years, indicator species analysis (Dufrêne and Legendre,
1997) was performed using the package indicspecies (Cáceres and Legendre, 2009). The
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analysis was performed using a relative abundance matrix of all OTUs found in the
samples. A total of 1000 permutations was performed for the analysis. The indicator value
index consists of two components. The specificity component of the indicator value index
(A) determines the percentage of forest or pasture cores which contains a specific
indicator species. This value was set at 0.95. The fidelity component (B) determines the
percentage of faithfulness of an indicator species to a specific sample (forest or pasture).
This value was set at 0.50. For all statistical analyses, plots of results were made using
the vegan (Oksanen et al., 2015) or ggplot2 (Wickham, 2009) packages.
3.4 Results
3.4.1 Response of Bacterial Community Structure to Land-Use Conversion through
Time
The conversion of pristine rainforest to pasture caused marked shifts in bacterial
community structure in all three years (Fig. 3.1), as seen for 2009 samples analyzed by
Rodrigues and colleagues (2013). These differences were seen in both taxonomic and
phylogenetic metrics of community composition (analysis of similarity (ANOSIM): R =
0.3263, p < 0.001 for taxonomic; R = 0.3027, p < 0.001 for phylogenetic) across all three
years (Fig. 3.2a and b). Taxonomic affiliation of the sequences to phyla showed shifts in
regards to the relative abundance of Proteobacteria, Acidobacteria, Actinobacteria,
Planctomycetes, Chloroflexi, Gemmatimonadetes, and Firmicutes in 2009 compared to
2010 and/or 2011 (Fig. 3.1). In terms of phyla abundance changes from forest to pasture,
Acidobacteria, Planctomycetes, Chloroflexi, Gemmatimonadetes, and Firmicutes showed
changes in at least one of the three years. The largest decrease in relative abundance was
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seen with Acidobacteria in 2009 which ranged from 21.65% ± 0.98% [standard error of
the mean (SE)] in the forest to 15.65% ± 0.55% SE in the pasture. This was followed by
decreases in Gemmatimonadetes and Acidobacteria in 2011 (Fig. 3.1 and Table 3.4). The
largest increase in relative abundance was seen in 2009 with the Firmicutes which ranged
from 2.11% ± 0.29% SE in the forest to 9.42% ± 0.55% SE in the pasture. The next
largest increases were seen with Firmicutes and Planctomycetes in 2011 (Fig. 3.1 and
Table 3.4).
In terms of relative abundance changes in the forest sites across the years, the
largest decrease was seen in Actinobacteria which ranged from 12.32% ± 0.65% SE in
2009 to 7.50% ± 0.63% SE in 2010. This was followed by decreases in Acidobacteria
from 2010 to 2011 and from 2009 to 2011. The largest increase was seen in
Proteobacteria which ranged from 41.72% ± 0.87% SE in 2009 to 49.30% ± 1.13% SE in
2010. This was followed by increases in Proteobacteria from 2009 to 2011 and in
Chloroflexi from 2010 to 2011 (Fig. 3.1 and Table 3.4). In regards to the pasture sites
across the years, the largest decrease was seen in the Firmicutes which ranged from
9.42% ± 0.55% SE in 2009 to 2.94% ± 0.39% SE in 2010. This was followed by
decreases in Actinobacteria from 2009 to 2010 and in Acidobacteria from 2010 to 2011.
The largest increase was seen in Planctomycetes which ranged from 7.18% ± 0.59% SE
in 2009 to 11.69% ± 0.79% SE in 2011. This was followed by increases in Firmicutes
from 2010 to 2011 and in Acidobacteria from 2009 to 2010 (Fig. 3.1 and Table 3.4).
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3.4.2 Response of Soil Physiochemical Variables to Land-Use Conversion through
Time
Of the 12 soil physiochemical parameters measured for forest and pasture soils
across all three years, only certain parameters during specific years showed significant
differences. Specifically, total C was higher in the pasture soil compared to the forest soil
in 2009 (P < 0.05), but this was not significantly different in 2010 or 2011 (Table 3.1).
Also, the C:N ratio was higher in the forest compared to the pasture in 2010, but this
pattern was reversed in 2011 (P < 0.05 for both comparisons). pH measurements showed
no significant difference between the land-uses across all three years (Table 3.1).
Concerning only the forest, there was significantly higher total C levels in 2011
compared to 2009 (P < 0.05). Also, C:N ratios were significantly higher in 2010
compared to 2009. However, this pattern was reversed for 2010 forest samples that had
significantly higher C:N ratios than 2011 samples (P < 0.05; Table 3.1). Additionally,
there was significantly higher amounts of OM in the primary forest in 2011 compared to
2010. Concerning only the pasture, the 2011 pasture samples had a significantly higher
pH (4.9) than the 2009 pasture samples (4.5) (P < 0.05). Also, the C:N ratios were
significantly lower in the 2011 pastures samples compared to both the 2009 and 2010
samples (P < 0.05). The importance of C:N ratios in separating out the forest and pasture
communities can be seen especially for taxonomic measures of community dissimilarity.
When fitting the environmental variables to non-metric multidimensional scaling plots
for both metrics, the C:N ratio is a major variable influencing the separation of the forest
and pasture sites on the second NMDS axis in regards to taxonomic dissimilarity (Fig.
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3.11a). While the difference in phylogenetic community dissimilarity is less distinct
between forests and pastures, the C:N ratio is still a major environmental variable
separating specific samples on the second NMDS axis (Fig. 3.11b).
3.4.3 Response of Bacterial Richness, Diversity, and Community Similarity to LandUse Conversion through Time
Across all three years, conversion of pristine forest to pasture and continued
utilization of the pasture land-use type caused a significant increase in bacterial OTU
richness (P < 0.05; 95% cutoff; Fig. 3.3). Despite a similarly proportional difference
between the forest and pasture in each year (20.5% in 2009; 17.4% in 2010; and 21.1% in
2011), the actual number of OTUs in either the forest or pasture was significantly
different between 2009 and 2010/2011 (P < 0.05; Fig. 3.3). Specifically, the percent
change in OTU number for the forest was 20.3% between 2009 and 2010 and 19.7%
between 2009 and 2011. However, the percent change for forest between 2010 and 2011
was only 0.74%. Similarly, the percent change in OTU number for the pasture was 17.1%
between 2009 and 2010 and was 20.3% between 2009 and 2011. However, the percent
change between 2010 and 2011 was only 3.85%.
This pattern of smaller percent differences between the 2010 and 2011 samples
was also seen in regards to Faith's phylogenetic diversity (PD) of the different land-use
types over the years. Pasture had significantly higher PD values than forests for all three
years (P < 0.05; Fig. 3.4). Despite a similarly proportional difference in PD between the
forest and pasture in each year (15.26% in 2009, 16.2% in 2010, and 11.62% in 2011),
the PD values within the forest was significantly different between 2009 and 2010/2011
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(P < 0.05; Fig. 3.4). The percent change in forest PD values from 2009 to 2010 was
14.10% and from 2009 to 2011 was 13.51%. However, the percent change of forest PD
values from 2010 to 2011 was only 0.68%. In a similar fashion, the PD values within the
pasture were significantly different between 2009 and 2010/2011 (P < 0.05, Fig. 3.4). The
percent change in pasture PD values from 2009 to 2010 was 15.07% while the percent
change from 2009 to 2011 was 9.80%. However, the percent change in pasture PD values
between 2010 and 2011 was 6.20%, higher than the value seen for the percent change
between forest 2010 and 2011 values.
While measures of OTU richness and phylogenetic diversity showed similar
patterns in 2010 and 2011 samples when compared to 2009 samples, this was not true in
terms of measures of beta diversity (taxonomic and phylogenetic similarity). While
pastures had significantly higher taxonomic (Bray-Curtis) and phylogenetic (Weighted
UniFrac) similarities than the forests in 2009 (P < 0.05), no significant difference was
seen between the two land-uses for either metric of community similarity in 2010 or 2011
(Fig. 3.5 and 3.6).
3.4.4 Response of the Distance-Decay of Bacterial Community Similarity to LandUse Conversion through Time
Conversion of pristine forest to pasture caused lower distance-decay of bacterial
community similarity in pastures compared to forests (Fig. 3.7 and 3.8 and Table 3.2).
For both taxonomic and phylogenetic metrics of community similarity, forests had
significantly greater rates of distance-decay in 2009 and 2010 than pastures (2009
taxonomic slope difference = -0.02379, 2010 taxonomic difference = -0.02481, 2009
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phylogenetic difference = -0.009639, 2010 phylogenetic difference = -0.01058, Table 3.2,
P ≤ 0.001 for all tests). However, in 2011, there were no significant differences in the
rates of distance-decay between forests and pastures (taxonomic difference = 0.007339,
phylogenetic difference = 0.001579,Table 3.2, P > 0.05).
3.4.5 Effect of Land-Use Conversion on Bacterial Indicator Species in Forests and
Pastures
While many taxa are common to both forest and pasture (Fig. 3.1), specific
bacterial OTUs were associated predominantly with one land-use type (Table 3.3).
Specifically, two OTUs most closely related to Anaeromyxobacter dehalogens strain
FRC-R8 and Rhodomicrobium udaipurense strain JA755, respectively, were detected
only in the pasture for all 30 data subsamplings. Additionally, an OTU most closely
related to Acidobacteriaceae bacterium Ellin6074 (subgroup 1) was detected only in 26
subsamplings of the pasture data set (Table 3.3). No OTUs were exclusively found in the
forest in all 30 data subsamplings. However, an OTU most closely related to
Acidobacteria bacterium WSF1-34 (subgroup 2) was found in 14 subsamplings of the
forest data. Lastly, an OTU most closely related to Gemmatimonas sp. URHD0086 was
detected only in nine subsamplings of the forest dataset (Table 3.3).
3.5 Discussion
3.5.1 Overall Summary
Conversion of pristine rainforest into pasture causes dramatic shifts in bacterial
OTU taxonomic affiliation, OTU richness (alpha diversity), Faith's phylogenetic
diversity, taxonomic and phylogenetic diversity (beta diversity), and distance-decay of
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community similarities for samples collected in 2009. However, our hypothesis was only
supported partially due to certain parameters, such as taxonomic and phylogenetic beta
diversity and specific soil physiochemical parameters, not being significantly different
between the two land-uses in 2010 or 2011. Additionally, forests and pastures showed no
significant difference in the distance-decay of taxonomic and phylogenetic similarities in
2011, contrary to what was found by Rodrigues and colleagues (2013). Lastly, two OTUs
from the Proteobacteria, A. dehalogens strain FRC-R8 and R. udaipurense strain JA755,
were found exclusively in pasture samples whereas no OTUs were found exclusively in
forests.
3.5.2 Spatial and Temporal Effects on Bacterial Community Structure, Diversity,
and Distance-Decay Relationships
The significant differences in taxonomic and phylogenetic bacterial community
structure metrics (ANOSIM) across all three years indicate that the pattern discovered by
Rodrigues and colleagues (2013) is consistent through time. In the 2009 samples,
Acidobacteria were found to have the largest increase and Firmicutes were found to have
the largest decrease in relative abundance when pristine forest was converted to pasture,
similar to Rodrigues and colleagues (2013). However, these patterns of relative
abundance changes are not repeated consistently in 2010 and 2011, as seen with the
larger relative abundance increase of Gemmatimonadetes over Acidobacteria in the 2011
samples (Table 3.4). Despite this stochastic variation in relative abundance changes in
different taxa between the land-uses, the dominance of Proteobacteria and Acidobacteria
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as members of the bacterial community illustrate that the effects of land-use change are
persistent through many years of sampling (Fig. 3.1).
In addition to community structure and taxonomic affiliation showing similar
responses between the years, OTU richness and PD also had significantly higher values
in the pastures compared to the forests (Fig. 3.3 and 3.4). However, taxonomic and
phylogenetic similarities showed no differences between land-uses within 2010 or 2011
(Fig. 3.5 and 3.6). Because soil was collected from the same sites over three years, the
main difference between samples is the type of DNA extraction kit used for each year.
The 2009 samples were extracted using the MoBio PowerSoil DNA Isolation Kit while
the 2010 and 2011 samples were extracted using the MoBio PowerSoil PowerLyzer DNA
Isolation Kit. Kits were switched mid-way through the experiment as the PowerLyzer kit
resulted in at least two-fold to ten-fold more DNA extracted from our tropical soils
compared to the PowerSoil kit (data not shown). A recent study by Vishnivetskaya and
colleagues (2014) investigated the biases associated with different commercial DNA
extraction kits when characterizing the bacterial community of Canadian permafrost soil.
They found that the PowerLyzer kit resulted in total higher numbers of sequences and
OTUs than the PowerSoil kit. Additionally, the PowerLyzer kit had higher OTU coverage
and greater Chao estimates of OTUs than the PowerSoil kit (Vishnivetskaya et al., 2014).
However, both kits showed similar clustering of communities via principal components
analysis of unweighted and weighted UniFrac scores. It is conceivable that if the
PowerLyzer kit was able to extract DNA from a greater number and diversity of
organisms than the PowerSoil kit, this could increase OTU richness for both land-use
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types while equalizing the taxonomic (Bray-Curtis) and phylogenetic (weighted Unifrac)
similarities. Future research needs to be performed to thoroughly document the specific
microbial groups in tropical soils targeted by different commercial DNA extraction kits.
Distance-decay analysis showed that, despite potential artifacts introduced using
different DNA extraction methods, taxonomic and phylogenetic similarities decrease over
distance in the forest at a much greater rate than in the pastures for two out of the three
years analyzed (Fig. 3.7 and 3.8 and Table 3.2). These results lend more support to the
process of biotic homogenization resulting from conversion of forest to pasture
(Rodrigues et al., 2013). Such homogenization could lead to a reduction in functional
traits of pasture communities, altering community resilience to non-native invaders or
other stressors (Olden et al., 2004). More specifically, homogenization and alterations
may affect microbial groups catalyzing biogeochemical processes, especially in regards
to N-cycling. Paula and colleagues (2014) found that many marker genes related to
nitrification, denitrification, dissimilatory nitrate reduction to ammonium, and nitrogen
fixation were most closely associated with primary and secondary forests and not pasture.
This shift in nitrification genes was more closely documented by Hamaoui and colleagues
(2016) who saw marked shifts both in the community structure and taxonomic affiliation
of the archaeal ammonia-oxidizers in soil from pristine forest, young pasture (6 years
since establishment), old pasture (99 yrs), and secondary forest from the same sampling
site analyzed in this study. Such shifts in gene presence and abundance may indicate that
N-cycling process rate alterations, measured in previous studies at our study site (Neill et
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al., 1999), may be due, in part, to the loss of specific functional guilds of microbes
because of biotic homogenization.
3.5.3 Bacterial OTUs as Indicators of Land-Use Conversion Disturbances
Across all three sampling years, only two bacterial OTUs were associated with
pastures for all 30 subsamplings of the sequence data (Table 3.3). The first OTU,
Rhodomicrobium udaipurense strain JA755 is a photoheterotrophic organism originally
isolated from a freshwater stream in Tamil Nadu, India (Ramana et al., 2013). The
organism has the ability to grow on a wide range of C substrates, including pyruvate,
glutamate, lactate, and formate, and can use ammonium chloride, glutamine, and urea as
nitrogen sources (Ramana et al., 2013). Because of the high levels of ammonium
compared to nitrate found in pastures of our study site (Hamaoui et al., 2016; Neill et al.,
1999) and the greater amount of light pasture soils are exposed to compared to forest soil,
this organism may be able to thrive in pastures.
The second OTU, Anaeromyxobacter dehalogens strain FRC-R8, is a
deltaproteobacterium recently implicated in nondenitrifier nitrous oxide (N2O) reduction
using atypical NosZ proteins (Sanford et al., 2012). While the detection of this organism
does not indicate that it directly contributes to N2O reduction, its presence may aid in
explaining trends of N2O emissions from forests and pastures at our site. Various groups
have documented that young pastures (1-3 yrs since establishment) have greater N2O
emissions than pristine rainforest (Melillo et al., 2001; Neill et al., 2005). However, as
pastures age, their N2O emissions fall below those of the forest. Stimulation of N2O
production has been linked to nitrate and phosphate fertilization at our field sites,
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indicating that N2O emissions in the pastures can result from traditional denitrification
when stimulated with N and P sources (Neill et al., 2005; Steudler et al., 2002). While
limitations in N and P could explain low N2O emissions in our 23 year old pastures,
another potential explanation for low emissions is that A. dehalogens strains, possessing
atypical NosZ, are reducing N2O to N2 before it leaves the soil. More work is needed to
determine the active microbial members contributing to denitrification and N2O
emissions in our forest and pasture sites. However, A. dehalogens may not only be an
indicator of land-use disturbance but may also be an indicator of different N2O reduction
mechanisms active in the pastures used in this study.
3.6 Conclusions
In the past three years, many studies focusing on the effects of land-use
conversion on microbial communities in Amazonian tropical forest soils have been
performed. While these studies have shown clear disturbances to overall bacterial and
fungal communities along with alterations to functional guilds catalyzing biogeochemical
processes, no study, to the best of our knowledge, has looked at bacterial community
dynamics in response to land-use change over time. Most of the patterns first documented
by Rodrigues and colleagues (2013) are consistent throughout the three sampling years,
but there are parameters, such as taxonomic and phylogenetic diversity, which show
differences compared to 2009 results because of differences in DNA extraction kits used
during the experiment. Despite this, the effects of land-use conversion on soil microbial
communities are long-lasting. In order to confirm such long-lasting effects on soil
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microbes, future studies investigating specific microbial functional guilds in tropical soils
need to incorporate temporal, in addition to spatial, sampling schemes.
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3.7 Figures and Tables

Figure 3.1: Taxonomic affiliation of major bacterial phyla from forests and pastures
across three years of sampling. The vertical black lines in between the stacked bar plots
separate samples into 2009, 2010, or 2011 samples. Classification was performed using
the SILVA.nr_v119 taxonomy database supplied with the mothur software package
(originally posted in 2014).
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Figure 3.2: a) Non-metric multidimensional scaling analysis of taxonomic dissimilarity
(Bray-Curtis; stress = 0.2164) and b) phylogenetic dissimilarity (Weighted UniFrac;
stress = 0.2080). Black symbols indicate forest samples while gray symbols indicate
pasture samples. Forest and pasture samples from the same year have the same shape.
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Figure 3.3: Response of bacterial richness (95% OTU cutoff, abundance-based coverage
estimator) to land-use change in three different years of sampling. Mean values (n = 25) ±
s.e. are shown. Samples which are not labeled with the same letter are significantly
different from each other (GLM analysis, P < 0.05).
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Figure 3.4: Response of phylogenetic diversity (Faith's PD) of bacterial communities to
land-use change disturbance in three different years of sampling. Mean values (n = 25) ±
s.e. are shown. Samples which are not labeled with the same letter are significantly
different from each other (GLM analysis, P < 0.05).
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Figure 3.5: Response of taxonomic similarity (Bray-Curtis) of bacterial communities to
land-use change disturbance in three different years of sampling. Mean values (n = 300) ±
s.e. are shown. Samples which are not labeled with the same letter are significantly
different from each other (GLM analysis, P < 0.05). The y-axis depicts the taxonomic
similarity values ranging from 0.400 to 0.525 to show the error bars more clearly.
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Figure 3.6: Response of phylogenetic similarity (Weighted UniFrac) of bacterial
communities to land-use change disturbance in three different years of sampling. Mean
values (n = 300) ± s.e. are shown. Samples which are not labeled with the same letter are
significantly different from each other (GLM analysis, P < 0.05). The y-axis depicts
phylogenetic similarity values ranging from 0.80 to 0.88 in order to more clearly show
the error bars.
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Figure 3.7: Distance-decay of Bray-Curtis similarity in the different land-use types over
the three years of sampling. The plots depict the distance decay relationship of
taxonomic similarity against the log distance between sampling points.
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Figure 3.8: Distance-decay of the Weighted UniFrac similarity in the different land-use
types over the three years of sampling. The plots depict the distance decay relationship
of phylogenetic similarity against the log distance between sampling points.
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Table 3.1: Mean soil physiochemical property values of the different land-use types across three sampling years
Sample

pH

C

N

C:N

OM

P

K

Ca

Mg CEC

BS

V

Primary Forest 2009

4.3a

1.0a

0.1a 12.1a,d

NA

7.4a 1.5a 18.7a 5.4a 50.4a,b 25.6a 45.8a

Pasture 2009

4.5a,d

1.9b

0.1a,d 13.0a

NA

8.8a 1.7a 15.2a 7.3a 58.9a,b 24.2a 40.5a

Primary Forest 2010 4.5a,b 1.7a,b,c 0.1a,b,d 15.9b 20.7a 7.4a 1.3a 26.9a 8.1a 59.1a,b 38.6a 53.1a
Pasture 2010

4.7b,d 2.2b,c 0.2b,d 13.5a,c 31.8a,b 6.3a 1.7a 13.7a 5.2a 46.9b 20.7a 43.7a

Primary Forest 2011 4.9a,b,c 1.8b,c,d 0.2a,b,c 10.9a,e 35.3b 6.3a 1.6a 28.2a 5.8a 73.5a 35.5a 40.2a
Pasture 2011
4.9b,c 2.0b,d 0.2c,d 12.9d 33.7a,b 6.8a 1.9a 13.9a 6.3a 53.7a,b 22.1a 40.4a
Notes:
- Samples which do not share the same letter within a column are significantly different from each other (GLM analysis, P < 0.05).
- The units for each of the soil characteristics are as follows: pH, power of hydrogen (in CaCl2); C, carbon (g kg-1 soil); N, nitrogen (g kg-1
soil); C:N, carbon:nitrogen ratio; OM, organic matter (g OM-C dm-3); P, phosphorus (mg dm-3); K (potassium), Ca (calcium), and Mg
(magnesium) (mmolc dm-3); CEC, cation exchange capacity (mmolc dm-3); BS, base saturation (%); and V, ratio of BS/CEC (% of CEC
occupied by basic cations).
-NA = not applicable (measurements not performed)
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Table 3.2: Difference in linear regression slope values for taxonomic and phylogenetic
distance-decay relationships in forests compared to pastures
Sampling Year

Distance-decay Metrica

Difference in Slopeb,c

2009

Bray-Curtis

-0.02379***

2010

Bray-Curtis

-0.02481***

2011

Bray-Curtis

0.007339

2009

Weighted UniFrac

-0.009639***

2010

Weighted UniFrac

-0.01058***

2011

Weighted UniFrac

0.001579

Notes:
a
Taxonomic distance-decay metric = Bray-Curtis similarity; Phylogenetic distance-decay
metric = Weighted UniFrac
b
Slope Difference = forest slope – pasture slope; positive values indicate that the pasture
sites have larger (more negative) slope values than forest sites
c
Significance levels: *P ≤ 0.05; **P ≤ 0.01; and *** P ≤ 0.001
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Table 3.3: Indicator species analysis of the total bacterial community in soil from primary forest and pasture sites
SILVA Classification1
Acidobacteriaceae (Subgroup 1): Canidatus Koribacter
Acidobacteriaceae (Subgroup 1): unclassified
Acidobacteriaceae (Subgroup 2): unclassified
Acidobacteriaceae (Subgroup 3): Candidatus Solibacter
Firmicutes: OPB54: unclassified
Gemmatimonadetes: Gemmatimonas
Alphaproteobacteria: Rhizobiales: Bradyrhizobiaceae: Rhodoblastus
Alphaproteobacteria: Rhizobiales: Hyphomicrbiaceae: Rhodomicrobium
Alphaproteobacteria: Rhodospirillales: Rhodospirillaceae: Dongia
Betaproteobacteria: SC-I-84: unclassified: unclassified
Deltaproteobacteria: Desulfuromonadales: 21f08: unclassified
Deltaproteobacteria: Desulfuromonadales: Geobacteraceae: Geobacter
Deltaproteobacteria: Desulfuromonadales: LS4-241: unclassified
Deltaproteobacteria: Desulfuromonadales: Myxococcales: Cystobacteraceae: Anaeromyxobacter

BLAST Hit
Candidatus Koribacter versatilis strain Ellin 345
Acidobacteriaceae bacterium Ellin6074
Acidobactera bacterium WSF1-34
Candidatus Solibacter usitatus
Unidentified bacterium (anoxic soil)
Gemmatimonas sp. URHD0086
Rhodoblastus acidophilus strain 5-6
Rhodomicrobium udaipurense strain JA755
Dongia sp. GR1-03
Bacterium Ellin6095
Geobacter sp. sa2
Geobacter bremensis strain R1
Geobacter pickeringii strain G13
Anaeromyxobacter dehalogenans strain FRC-R8

Accession No.
NR_074350
AY234726
FJ405895
GQ287529
AJ229225
LN876485
HQ877091
HE863941
KJ572397
AY234747
JQ655460
KF800712
CP009788
FJ190060

E-Value Identity (%) Primary Forest (%)2 Pasture (%)2
3.00E-134
95.0
56.7
100
3.00E-140
96
0
86.7
3.00E-116
91
46.7
0
1.00E-133
95
0
26.7
2.00E-144
97
0
13.3
1.00E-120
92
30
0
3.00E-154
100
0
3.3
6.00E-150
99
0
100
1.00E-140
97
0
3.3
5.00E-138
96
0
63.3
4.00E-146
98
0
66.7
9.00E-154
99
0
3.3
2.00E-148
98
0
13.3
3.00E-147
98
0
100

Notes:
1
SILVA classification of sequences was performed using the software package mothur (v1.36.1) and the SILVA database (v119) provided
with mothur.
2

The values for each land-use indicate the percentage of the 30 re-samplings of each dataset that contained the indicated species.
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3.8 Appendix I
3.8.1 Supplementary Figures and Tables

Figure 3.9: Schematic of the plot sampling design used at the ARMO site. This triplicate
plot transect design was used for both forests and pastures. Plots one and two were
separated by a distance of 1 km. Plots one and three were separated by a distance of 10
km. The red stars indicated where cores were collected except for the top right core at
point (0,0) which was a reference point. Inside each hectare sized plot (100-m2), nested
plots of 10-m2, 1-m2, 0.1-m2, and 0.01-m2 were established for fine scale analyses of
biogeography. Each plot consisted of 12 cores, resulting in 36 cores originally being
collected per land-use type. This schematic image was taken from Rodrigues and
colleagues (2013).
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Figure 3.10: Response of bacterial diversity to land-use conversion. The accumulation of
bacterial OTUs (abundance-based coverage estimator) is shown for increasing sampling
intensity. Each curve is based upon the means of 30 re-samplings of the data for
rarefaction analysis.
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Figure 3.11a: Non-metric multidimensional scaling analysis of taxonomic dissimilarity
(Bray-Curtis, stress = 0.2164) with environmental variables measured during all three
sampling years. Environmental variable abbreviations are the same as those in table 3.1
of the main text. The term 'CN' refers to the carbon:nitrogen ratio.
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Figure 3.11b: Non-metric multidimensional scaling analysis of phylogenetic dissimilarity
(Weighted UniFrac, stress = 0.2080) with environmental variables measured during all
three sampling years. Environmental variable abbreviations are the same as those in table
3.1 of the main text. The variable 'CN' refers to the carbon:nitrogen ratio.
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Table 3.4: Relative phyla abundance, standard deviation, and standard error for different
land-use types and sampling years
Phylum
Acidobacteria
Acidobacteria
Acidobacteria
Acidobacteria
Acidobacteria
Acidobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Candidate_division_WS3
Candidate_division_WS3
Candidate_division_WS3
Candidate_division_WS3
Candidate_division_WS3
Candidate_division_WS3
Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Gemmatimonadetes
Gemmatimonadetes
Gemmatimonadetes
Gemmatimonadetes
Gemmatimonadetes
Gemmatimonadetes
Nitrospirae
Nitrospirae
Nitrospirae
Nitrospirae
Nitrospirae
Nitrospirae
Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Land-Use Type
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture
Forest
Forest
Forest
Pasture
Pasture
Pasture

Sampling Year
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011
2009
2010
2011

Mean Abundance (%)
21.65
21.91
18.18
15.65
20.01
15.26
12.32
7.50
9.62
13.24
8.38
11.17
1.27
0.96
0.59
0.62
1.05
0.63
1.46
2.14
1.37
1.26
1.36
1.46
5.29
3.09
6.54
5.84
5.30
4.90
0.04
0.09
0.05
0.10
0.27
0.05
2.11
0.76
2.51
9.42
2.94
7.36
4.93
3.62
5.46
2.01
1.32
2.26
1.76
1.97
1.08
1.07
1.12
0.98
7.44
8.68
7.42
7.18
11.54
11.69
41.72
49.30
47.19
43.62
46.71
44.23

Mean Standard Deviation (%)
4.92
3.40
2.95
2.76
3.69
2.75
3.24
3.14
2.68
3.93
2.31
2.67
1.08
0.83
0.78
0.39
0.81
0.58
1.04
1.56
1.35
0.63
0.78
0.68
3.07
1.73
3.25
1.83
3.11
2.26
0.07
0.16
0.08
0.09
0.41
0.07
1.45
0.40
1.64
2.73
1.95
3.21
1.94
1.63
1.92
1.00
0.89
0.95
0.85
1.23
0.54
0.34
0.50
0.34
3.42
3.63
2.80
2.93
2.99
3.94
4.35
5.63
4.99
4.32
5.70
4.43

Mean Standard Error (%)
0.98
0.68
0.59
0.55
0.74
0.55
0.65
0.63
0.54
0.79
0.46
0.53
0.22
0.17
0.16
0.08
0.16
0.12
0.21
0.31
0.27
0.13
0.16
0.14
0.61
0.35
0.65
0.37
0.62
0.45
0.01
0.03
0.02
0.02
0.08
0.01
0.29
0.08
0.33
0.55
0.39
0.64
0.39
0.33
0.38
0.20
0.18
0.19
0.17
0.25
0.11
0.07
0.10
0.07
0.68
0.73
0.56
0.59
0.60
0.79
0.87
1.13
1.00
0.86
1.14
0.89

Notes:
-Each land-use type/sampling year combination consisted of 25 soil cores.
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3.9 Appendix II: Minimum Entropy Decomposition Analysis of Bacterial
Communities in Tropical Rainforest Soil over Multiple Years
3.9.1 Objective
The original intention when performing the analyses of this chapter was to use the
recently developed technique of minimum entropy decomposition (MED) to analyze
bacterial community structure in the ARMO soil samples over the three years of sampling
(Eren et al., 2014). Unlike OTU clustering, MED analysis is an unsupervised
computational approach based on the concepts of oligotyping where marker gene
sequences are placed into sequence bins based on fine-level variation in single nucleotide
positions (Eren et al., 2013). The advantage of this method is that it can allow
investigators to characterize communities at high resolution levels analogous to microbial
strains (>99% gene similarity between sequences). Using such high levels of
characterization can reveal clearer differences in community structure and diversity
compared to using traditional OTU clustering at 97% sequence similarity. Using this
MED technique, I hypothesized that MED node (taxon) distribution patterns of bacterial
communities would be similar to the OTU distribution patterns found by Rodrigues and
colleagues (2013). More specifically, the same patterns will be seen for the primary
forest and pasture land-uses over time (constancy of response) but the magnitude of the
differences between the land-uses within a year will be greater than those of OTU-based
analyses because of the finer resolution of MED analyses.
3.9.2 Materials and Methods
The same processed sequence files which had been trimmed, screened for
chimeras, and subsampled in the OTU analyses of chapter III were used here. The fasta,
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names, group, and taxonomy files were dereplicated and prepared for MED analyses
using a custom Python script (A. Murat Eren, personal communication). MED analysis
was performed on the thirty subsampled data files from the OTU analyses. The minimum
substantive abundance parameter (M), which dictates the minimum number of sequences
needed per node, was set at 2. While M is traditionally set at N/10,000, where N is the
number of sequences in the data set (~9 for the analyses here), I set the value to 2 in order
to match the OTU analyses that eliminated singletons. After analysis, the MED software
generates a matrix file with the raw counts of sequences in each node per sample.
Because of an uneven number of cores per land-use and year, the number of cores had to
be normalized to the lowest number in the set (n = 25). Cores were assigned numerical
values, and a random-number generator (LibreOffice Calc v.4.2.8) was used to randomly
choose cores to delete for each land-use and year combination. In order to perform later
distance-decay analysis with maximum distance between the points, the A001, A01, and
A100-C100 cores were not deleted if possible. Statistical analyses were performed as
with the OTU data. However, instead of weighted UniFrac, the generalized UniFrac
metric was used as this is supposed to moderate the influence of extremely short and long
branches in the weighted UniFrac calculation (Chen et al., 2012). All statistical analyses
were performed using the same R packages as for the OTU data while the generalized
UniFrac calculations were performed with the R package GUniFrac (Chen, 2012).
3.9.3 Results
Compared to the OTU-based analyses, the MED analyses resulted in fewer nodes
per soil core for each land-use/year combination (Fig. 3.12) with OTU richness being
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2.32-3.16 fold higher than MED richness. Also, there were no significant differences in
the number of nodes between each land-use per year or within the same land-use across
years, except between forest 2009 and forest 2010/2011 richness values (Fig. 3.12).
Additionally, MED analyses resulted in lower Faith's phylogenetic diversity (PD; Fig.
3.13) with OTU PD being 4.78-8.22 fold higher than MED PD. The pattern of significant
differences seen for PD for MED-based analyses showed the opposite trend compared to
OTU-based analyses (Fig. 3.13). Not only did PD values significantly decrease from
2009 to 2010/2011 for both land-uses, but no significant difference was seen between the
two land-uses for all three years (Fig. 3.13).
Both taxonomic and phylogenetic community similarity showed somewhat
differing responses to land-use change across the years when compared to OTU-based
data. While OTU-based data showed significant differences between forest and pasture in
2009 and no differences between the two land-uses in 2010 and 2011, MED-based
analyses indicated every land-use/year combination was significantly different from one
another (Fig. 3.14). However, MED-based phylogenetic similarity showed similar
patterns of differences compared to OTU-based phylogenetic similarity values (Fig.
3.15). For both taxonomic and phylogenetic metrics, MED-based similarity values were
lower compared to OTU-based values. Also, both taxonomic and phylogenetic similarity
metrics showed similar NMDS clustering patterns compared to OTU-based analyses
(Figs. 3.16 and 3.17).
Lastly, the distance-decay patterns seen for OTU-based data were not observed in
the MED-based analyses (Figs. 3.18 and 3.19 and Table 3.5). Specifically, significant
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differences in slopes between forest and pasture were only seen with the 2010 BrayCurtis similarity values (Table 3.5) while the 2009 and 2010 Bray-Curtis and Weighted
UniFrac similarity values showed significantly different slope values for OTU data.
However, the pattern of 2009 and 2010 forest weighted UniFrac values having larger
(more negative) slope values compared to pasture for OTU-data was also seen with
MED-based analyses (Table 3.5).
3.9.4 Discussion
Despite using a sequence analysis technique that centers on single nucleotide
variations and, thus, has greater resolution in describing microbial communities, my
hypothesis that MED node distribution patterns would be similar to OTU distribution
patterns was not supported for many of the parameters tested. This was specifically seen
for MED node richness, Faith's PD, taxonomic (Bray-Curtis) community similarity, and
distance-decay patterns. The lack of difference in distance-decay slope measurements for
forest and pasture using MED node-based data is in stark contrast to patterns seen in
pastures compared to forests using OTU-based data.
The higher values of OTU richness compared to MED node richness is
unexpected given that Eren and colleagues have shown MED analysis results in higher
richness than OTU-based analyses (Eren et al., 2014). Also, setting the M value to 2
should allow for the formation of doubleton MED nodes and, thus, for the greatest
number of nodes to form. Re-performing the MED analysis multiple times resulted in the
same low number of nodes being formed. Using traditional OTU-clustering methods at
'unique' and 0.00 (cutoff = 0.0049) cutoff values in mothur, 30,345 and 13,068 OTUs

108

were found among all samples, respectively. Since MED analysis typically defines nodes
at genetic similarity greater than or equal to 99% (Eren et al., 2014), the expected number
of MED nodes should range somewhere between the 0.01 and 'unique' OTU cutoff
values. The fact that lower numbers of nodes per sample were found compared to OTUs
indicates that there may be a problem in analyzing 454 pyrosequencing data using the
technique of focusing on single nucleotide variations (as employed in MED). While the
creator of the MED program was contacted about this discrepancy, he could not provide a
possible answer as to why the data show these types of patterns using MED (A. Murat
Eren, personal communication). Despite aligning the sequences to a reference database
and limiting the length of homopolymers in the pyrosequences to a maximum value of 8,
the presence of these insertions may be causing artificially low MED node values. If the
software encounters a string of repeating nucleotides among many sequences, it will
partition the sequences into fewer nodes as many of the sequences will appear to have the
same variation in nucleotides, and the software will terminate the decomposition process
as though it had found terminal nodes. Thus, with the possibility of homopolymers being
present even after quality filtering, MED analysis is not able to adequately separate out
fine-level phylogenetic taxa as well as OTU clustering approaches for our dataset.
Another issue that arises in MED analysis of any 16S rRNA sequence collection
is an organism having multiple rrn operons. The current average rrn operon copy number
from the Ribosomal RNA Database is 4.12 for bacteria (Stoddard et al., 2014; accessed 1
Sep 2016). Such variation can cause the calling of multiple MED nodes from 16S rRNA
genes arising from a single bacterial strain. In order to illustrate this, the seven full length
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16S rRNA genes from Escherichia coli O157:H7 strain Sakai (Hayashi et al., 2001) were
used in MED analysis and traditional OTU clustering using mothur. While OTU
clustering at distances  99% resulted in one OTU being found, both 'unique' (cutoff =
0.0049) OTUs from mothur and MED nodes detected four different taxa/strains!
Depending on the types of organisms present in a sample and on the rrn copy number of
each organism, inflated estimates of MED node richness could result from a single
organism. The M value for MED node analysis is typically set at N/10,000 as this value
has been found to remove a large amount of 'noise', or extremely rare and potentially
erroneous MED nodes, from datasets (Eren et al., 2014). However, if one has a high
enough abundance of organisms with many rrn operons, such as Proteobacteria (average
rrn operon # = 4.20) and Firmicutes (average rrn operon # = 6.46) (Stoddard et al.,
2014); accessed 1 Sep 2016), then the MED nodes resulting from multiple rrn operons in
these organisms would not be removed during quality filtering and would greatly inflate
node estimate richness. This potential bias in 16S rRNA sequence diversity within a
single organism has been documented by Pei and colleagues (2010). This research group
also found that much of this diversity within a single organism could be accounted for
when sequences were compared based on the secondary structure of the 16S rRNA
molecule. As MED analysis does not require comparison to 16S databases which
incorporate secondary structure, this potentially useful information for separating nodes
is left out of analyses. One way to overcome this problem of intra-genomic heterogeneity
of 16S rRNA genes for both OTU and MED analyses is to use marker genes which are
single-copy in the genome and not prone to extensive horizontal gene transfer. Examples
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of such genes are protein-coding housekeeping genes such as DNA gyrase beta subunit
(gyrB) and RNA polymerase beta subunit (rpoB) (Rajendhran and Gunasekaran, 2011;
Santos and Ochman, 2004). In one major study, the rpoB gene was shown to be more
effective than the 16S rRNA gene at resolving phylogenetic relationships at the species
and subspecies levels (Case et al., 2007). Use of protein-coding phylogenetic marker
genes is made easier through the development of aligned sequence databases available
through the FunGene repository (Fish et al., 2013).
While MED analysis has been shown to be quite effective at resolving singlenucleotide differences between 16S rRNA genes, the use of this technique in analyzing
pyrosequencing data that contains homopolymers (as seen in the current dataset) may be
limited. Also, the issue of intra-genomic heterogeneity between multiple copies of the
16S rRNA gene in a single organism can distort the taxon estimates obtained with highresolution analysis methods (> 99% 16S rRNA gene identity). Thus, in order to make use
of the discriminating power of MED analysis without the biases seen in this dataset,
future work should employ sequence data of single-copy genes generated using platforms
with lower rates of homopolymer formation, such as Illumina Mi-Seq/Hi-Seq sequencing.
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3.9.5 Figures and Tables

Figure 3.12: Response of bacterial richness (MED node abundance-based coverage
estimator) to land-use change in three different years of sampling. Mean values (n = 25) ±
s.e. are shown. Samples which are not labeled with the same letter are significantly
different from each other (GLM analysis, P < 0.05).
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Figure 3.13: Response of phylogenetic diversity (Faith's PD) of bacterial communities
(MED nodes) to land-use change disturbance in three different years of sampling. Mean
values (n = 25) ± s.e. are shown. Samples which are not labeled with the same letter are
significantly different from each other (GLM analysis, P < 0.05).
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Figure 3.14: Average taxonomic similarity (Bray-Curtis) of MED nodes for each land-use
type and year. Mean values (n=300) ± s.e. are shown. All land-use type and year
combinations were significantly different from each other (GLM, P < 0.05).
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Figure 3.15: Average phylogenetic similarity (Generalized Unifrac) of each land-use type
and year. Mean values (n=300) ± s.e. are shown. Samples which are not labeled with the
same letter are significantly different from each other (GLM analysis, P < 0.05).
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Figure 3.16: Non-metric multidimensional scaling of taxonomic dissimilarity (BrayCurtis) values for each land-use type and year. The overall stress for the NMDS is 0.22.
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Figure 3.17: Non-metric multidimensional scaling of phylogenetic similarity
(Generalized Unifrac) values for each land-use type and year. The overall stress for the
NMDS is 0.21.
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Figure 3.18: Distance-decay of Bray-Curtis similarity based on MED nodes in the
different land-use types over the three years of sampling. The plots depict the distance
decay relationship of taxonomic similarity against the log distance between sampling
points.
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Figure 3.19: Distance-decay of Generalized UniFrac similarity based on MED nodes in
the different land-use types over the three years of sampling. The plots depict the
distance decay relationship of phylogenetic similarity against the log distance between
sampling points.
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Table 3.5: Difference in linear regression slope values for taxonomic and phylogenetic
distance-decay relationships in forests compared to pastures for MED node data
Sampling Year

Distance-decay Metrica

Difference in Slopeb,c

2009

Bray-Curtis

0.001427

2010

Bray-Curtis

-0.004342***

2011

Bray-Curtis

0.003583

2009

Generalized UniFrac

-0.004247

2010

Generalized UniFrac

-0.003679

2011

Generalized UniFrac

0.001157

Notes:
a
Taxonomic distance-decay metric = Bray-Curtis similarity; Phylogenetic distance-decay
metric = Generalized UniFrac
b
Slope Difference = forest slope – pasture slope; positive values indicate that the pasture
sites have larger (more negative) slope values than forest sites
c
Significance levels: *P ≤ 0.05; **P ≤ 0.01; and *** P ≤ 0.001
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CHAPTER 4
CONTINUOUS WARMING AND NITROGEN FERTILIZATION OF
TEMPERATE FOREST SOIL OVER A SIX YEAR TIMESPAN ALTERS
NITROGEN CYCLING MICROBIAL COMMUNITY STRUCTURE BUT NOT
NITROGEN CYCLING PROCESS RATES
4.1 Abstract
Temperate forests, such as those in the northeastern United States, play major
roles in global carbon and nitrogen (N) cycling. Despite this importance, these forests are
under continual pressure from various anthropogenic stressors, such as increasing
temperatures and N-deposition. While much work has been done to characterize the
response of N-cycling rates to single disturbances, no work has been performed in these
forests to characterize the response of N-cycling microbial communities to a multifactorial disturbance of warming and N-fertilization. The objective of this study was to
determine how this multi-factorial disturbance affects potential N-mineralization, chitin
degradation, and nitrification rates and N-cycling microbial communities in soil from the
Soil Warming and Nitrogen Fertilization (SWaN) experiment at the Harvard Forest.
Despite the consistent warming and fertilization disturbances, soil pH, organic matter,
gravimetric water content, and ammonium showed differences between the organic
horizon and mineral soil, but not between the treatments themselves (P > 0.05). In a
similar fashion, potential N-mineralization and nitrification rates and chitinase enzyme
activity showed no difference between treatments (P > 0.05). Quantification of bacterial,
fungal, and archaeal rRNA genes and thaumarchaeal amoA genes, a marker gene of
ammonia-oxidizers, showed no significant difference between treatments but did show
that the thaumarchaeal ammonia-oxidizer community constitutes approximately 0.1 –
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0.6% of the total archaeal community. However, phylogenetic analysis of the ammoniaoxidizer community, consisting only of thaumarchaea, did show significant differences
between control and heated plus nitrogen treatments (p < 0.001, ∫-libshuff and UniFrac
analyses). Four OTUs were identified from all four combinations of treatments and soil
layers with the majority of OTUs most closely related to the Nitrosotalea and
Nitrososphaera spp. However, the organic horizon in the heated plus nitrogen treatment
was dominated by sequences most closely related to Nitrosopumilus maritimus, a
thaumarchaeon originally discovered in a marine habitat and considered to be a rare
member of terrestrial thaumarchaeal ammonia-oxidizing communities. Taken together,
these results indicate that nitrifying communities may be exhibiting functional
redundancy where communities shift in response to stress but perform biogeochemical
processes at the same rate. These results can act as a conceptual framework for future
work into how multi-factorial disturbance can affect N-cycling communities over longer
time scales.
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4.2 Introduction
Despite the immense amount of work that has been done to characterize soil Ncycling rates in temperate forests (see Chapter 1), less work has been performed to
investigate the different microbial communities directly involved in the N-cycle in
temperate forests of the northeastern United States undergoing anthropogenic
disturbance. Compton and colleagues (2004) performed the only study that investigated
N-cycling microbes at Harvard Forest on a molecular microbiological level. Specifically,
they determined the community responses of diazotrophs, bacterial ammonia-oxidizers,
and bacterial nitrite oxidizers in the three different N-fertilization treatments at the
Harvard Forest Chronic N Amendment Study. Bacterial ammonia-oxidizers were only
found in high-N fertilized plots (15 g N m-2 yr-1) while nitrite oxidizers were present in all
treatment samples but showed variable amplification patterns between control and
fertilized plots. Lastly, diazotrophs were more difficult to detect in N-fertilized pine tree
soils compared to control soils. While these results indicate that specific microbial
functional groups may only be detectable under fertilized conditions, this study did not
address the more realistic multi-factorial disturbance of increased warming and Nfertilization that the soils are experiencing with current climate change. Also, given the
recent discovery of the role of thaumarchaea in ammonia-oxidation in soil (Leininger et
al., 2006; Pester et al., 2012; Tourna et al., 2008; Treusch et al., 2005), an entire group of
microbes has not been accounted for in descriptions of N-cycling in Harvard Forest soil.
These microbes could be critical to nitrification already measured at the Long-Term
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Warming Experiment and Chronic N Amendment Study at Harvard Forest (Butler et al.,
2011; Venterea et al., 2004).
Given the above work that has characterized select functional guilds of microbes
disturbed by a single type of anthropogenic stress, the objective of this work was to
characterize N-cycling microbial communities in temperate forest soil undergoing both
artificial warming and N-fertilization. Specifically, we hypothesize that the microbial
communities catalyzing N-mineralization, chitinase degradation, and nitrification will not
be resistant to combined warming and fertilization stressors but will show shifts in
community structure and process rates. Given how multiple stressors may not have
additive effects on soil communities (Sheik et al., 2011), we predict that increases in soil
temperature will be the main driving force in N-mineralizing, nitrifying, and denitrifying
community and process rate alterations and will cause increases in the abundance and
activity of N-cycling communities in the soil.
4.3. Materials and Methods
4.3.1 Sampling Site and Soil Collection
The temperate forest study site for this investigation was the Soil Warming and Nfertilization (SWaN) experiment located in the Harvard Forest Long-Term Ecological
Research Site in Petersham, MA (42° 50' N and 72° 18' W). The soils in these plots are of
the Gloucester series (fine loamy, mixed, mesic Typic Dystrochrept) (Peterjohn et al.,
1994). The study site consists of four different types of plots: control, heated, N-fertilized
(nitrogen), and heated plus N-fertilized (heated  nitrogen). Control plots have not
received any disturbance. Warming plots have been warmed 5°C above ambient

124

temperature using buried cables. Fertilized plots have been treated with NH4NO3 at a rate
of 5.0 g N m-2 yr-1 (Contosta et al., 2011). Heated  nitrogen plots have received both
types of disturbance. There are six, 3 m  3 m replicate plots per treatment arranged in a
randomized design (Chapter 1, Fig. 1.3a-c).
Soil samples were collected on 7 September 2012 from the organic horizon (OH)
and mineral soil (MS) from triplicate plots per treatment. Two pairs of cores were
collected from each 3 m  3 m plot. The replicates of each pair were immediately
adjacent to each other. After collecting the cores, the soil was split into the OH and MS
layers by visual identification. One core per pair, approximately 5 cm in diameter, was
placed into sterile bags and kept on ice for N-cycling rate measurements. The second
core, approximately 2 cm in diameter, was collected with a cork borer, placed into sterile
bags, and stored on dry ice until transported to the laboratory. Soil for chemical analyses
and rate measurements was stored at 4°C before analysis while soil for DNA extraction
(stored on dry ice in the field) was stored at -80°C in the laboratory. Prior to being used
for chemical and rate analyses, the duplicate OH soil samples per plot were placed into
quart-sized plastic bags and mixed together by hand in order to reduce intra-plot
heterogeneity of samples. Duplicate MS soil samples per plot were sieved through
washed (distilled H2O, ultra-pure H2O, and 70% ethanol) and dried 2.0 mm mesh sieves
to remove large rocks and roots. After sieving, large roots still present were removed
using flame-sterilized tweezers. OH soil samples were not sieved prior to chemical and
rate analyses. From each composite sample, approximately 3.0 g subsamples were placed
in 15 mL conical vials and stored at -80°C for chitinase enzyme assays (see section 2.2).
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4.3.2 Soil Physiochemical and N-Cycling Potential Rate Measurements
Gravimetric water content was determined by drying and weighing duplicate 5.0 g
samples of each composite soil in an oven (105-110C) overnight. Organic matter content
was determined by burning the dried soil samples in a muffle furnace at 400C for at least
3 hr and weighing the amount of non-organic soil material left after burning. For both
gravimetric water (GWC) and organic matter (OM) content, heated samples were cooled
in a desiccator for at least 20 min before being weighed. Soil pH was determined in 1:2.5
slurry dilution of moist soil with distilled H2O using a pH electrode
(https://www.ohio.edu/plantbio/staff/deforest/soils/pdf/Methods/SoilpH.pdf). Soil
ammonium (NH4+) and nitrate (NO3-) were extracted using the method of Hamaoui and
colleagues (2016) and measured using a Lachat QuikChem 8500 Flow Injection Analysis
System (Hach Comp., Loveland, CO).
Soil potential N-mineralization and nitrification rates were adapted from the
protocol of Hart and colleagues (1994). Briefly, approximately 10.0 g MS soil (or 5.0 g
OH material) were added to a 250 mL Erlenmeyer flask (duplicate flasks for each
sample). To each flask, 100.0 mL of N-mineralization potential (NMP) solution or
nitrification potential (NP) solution was added. Both NMP and NP solution consisted of
KH2PO4 and K2HPO4 (final concentration of 0.30 mM for each salt). However, in addition
to the buffering salts, the NP solution also contained 750 M (NH4)2SO4 as a electron
source for nitrifying organisms in the soil. Capped flasks were shaken at 180 rpm at 30°C
for 24 hr. At 3, 19, and 24 hr of incubation, 10 mL aliquots were removed from the flask
and stored in 15 mL conical tubes. In order to reduce the amount of soil material
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suspended in solution, five drops of flocculent solution (0.5 M CaCl2 and 0.5 M MgCl2)
were added to each aliquot of sample. After inverting the tubes, soil particles were
pelleted out by spinning the tubes at 5000 rpm for 10 min. Clear supernatant was
transferred to a new 15 mL conical vial and stored at -30°C until analysis of NH4+ and
NO3- as described for soil NH4+ and NO3- determinations. Rates of NH4+ production
(potential N-mineralization) and NO3- production (potential nitrification) were determined
by regressing NH4+ or NO3- levels against assay sampling time.
Soil chitinase (-1,4-N-acetylglucosaminidase) activity was measured in MS and
OH samples using the fluorimetric method of Saiya-Cork and colleagues (2002). Briefly,
1.0 g of soil stored at -80°C was thawed and mixed with 200 mL of 50 mM sodium
acetate buffer. Based on soil pH measurements, MS samples were mixed in acetate buffer
adjusted to a pH = 5.1 while OH samples were mixed in buffer with pH = 3.7. Soil
samples were homogenized in the buffer by mixing the samples with a pre-cleaned hand
blender for 0.5-1.0 min. After adjusting the final volume of the soil and buffer mixture to
125 mL using the appropriate acetate buffer, samples were stirred in large plastic weigh
boats containing stir bars. Aliquots of sample suspension were removed as the samples
were stirring in order to ensure soil particles were still suspended in solution during
removal. Samples were measured in black, 96-well plates. For each sample, quench
standards, blank wells, and assay wells were measured. Quench standards consisted of
200 L of sample suspension and 50 L of fluorimetric standard (4-methylumbelliferone
(MUB); Sigma-Aldrich, St. Louis, MO). Blank wells consisted of 200 L of sample
suspension and 50 L of acetate buffer. Assay wells consisted of 200 L of sample
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suspension and 50 L of fluorescently-labelled substrate (4-MUB-N-acetyl--Dglucosaminide; Sigma-Aldrich, St. Louis, MO). Additionally, reagent blank wells (250
L acetate buffer), reference standard (200 L buffer + 50 L 4-MUB), and negative
control wells (200 L buffer + 50 L substrate) were performed for each plate of
samples. Eight technical replicates were performed for all reagent and sample standards
and assays. Enzyme assay plates were incubated for 30 min either at 20.0°C (control and
nitrogen soil) or 24.0°C (heated and heated  nitrogen soil). At the end of each
incubation, 10.0 L of 0.5 M NaOH was added to stop the enzymatic reactions. The
fluorescence of each sample was measured using a fluorimeter with filter settings of 365
nm (excitation) and 450 nm (emission).
4.3.3 Soil DNA Extraction
Soil for DNA extraction was first ground in a cleaned (distilled H2O and 70%
ethanol) mortar and pestle under liquid nitrogen. DNA was extracted using the protocol
of DeAngelis and colleagues (2010) using homemade bead-beating tubes (0.1 mm and
1.0 mm sterilized glass beads along with a single 5.0 mm bead) and a Mini-BeadBeater
(Biospec, Bartlesville, OK) on setting #42 for 1 min. Each soil sample tube was extracted
twice, and triplicate extractions were performed for each sample. At the end of the DNA
extraction, all six replicate extractions from the same soil source were combined together
to result in one composite DNA extraction per soil plot and layer. DNA was purified
using the Qiagen AllPrep DNA/RNA Kit (Qiagen, Valenica, CA). Because of the large
amount of humic substances present after purification, DNA was quantified using the
Qubit dsDNA BR Kit and a Qubit 1.0 fluorimeter (ThermoFisher Scientific).
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4.3.4 Quantification of Microbial Marker Genes in Soil
For each soil treatment and layer, thaumarchaeal amoA, bacterial and archaeal
16S rRNA, and fungal 18S rRNA genes were determined using quantitative PCR (qPCR).
Table 4.1 indicates the types of standards, primer sets, and annealing temperatures of the
qPCRs performed for each gene. Despite numerous efforts with different primer sets,
bacterial amoA and chiA (marker gene for chitinase) could not be amplified from DNA
extracted from all soil layers and treatments (data not shown). All qPCRs were performed
using a MJ Opticon DNA Engine 2 (MJ Research, Waltham, MA). Reaction setup and
thermalcycling program were performed according to the protocol of Hamaoui and
colleagues (2016). There were two DNA extractions tested per treatment plot (from
duplicate points per plot). Each DNA extraction was tested in triplicate qPCRs. The data
for each triplicate were averaged together resulting in two average gene copy values per
plot and soil layer. These two values were then averaged together to result in one overall
gene copy value per plot and soil layer. This resulted in a final total of three biological
replicates per treatment and soil layer, and these were used in subsequent statistical
analyses. In order to ensure product specificity, a melting curve from 65.0-96.0°C (hold 1
sec for plate fluorescence measurement) was performed. Additionally, products were
electrophoresed in 1% agarose gels to ensure proper amplification of correctly sized
products. Three DNA samples per gene, which varied in humic acid content from least to
most as determined by visual observation of brown coloration, were used in inhibition
spike tests to see if inhibition could be detected. Despite testing samples with a range of
humic acid content, no inhibition was detected. Raw florescence data was imported into
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the program LinRegPCR (Ruijter et al., 2009) for determination of baseline and threshold
cycle values and individual reaction efficiencies. Gene copy numbers in standard samples
were determined using the equation of Ritalahti and colleagues (2006). Instead of using
standard curves for the estimation of marker gene abundances in sample DNA, the onepoint calibration method of Brankatschk and colleagues (2012) was used. This method
was preferred to the traditional standard curve method as it allows both the efficiencies of
standards and individual samples to be taken into account when calculating gene copy
numbers instead of assuming that samples amplify with the same efficiency as standards
(Brankatschk et al., 2012).
In order to determine the proportion of the total archaeal community that consists
of thaumarchaeal ammonia-oxidizers, total archaeal 16S rRNA gene copy numbers per
gram dry soil were converted to estimated cell numbers per gram dry soil by dividing the
16S copy numbers by 1.63, the most recent average 16S rRNA gene abundance in all
sequenced archaeal genomes (Ribosomal RNA Database, accessed on 2 August 2016;
Stoddard et al., 2014). Because all known thaumarchaeal ammonia-oxidizers only
possess a single copy of amoA in their genomes (Hatzenpichler, 2012), thaumarchaeal
amoA gene copies divided by the estimated cell number generate a ratio of thaumarchaeal
ammonia oxidizers:estimated cell number.
4.3.5 Next-Generation Sequencing of Nitrifying Microbial Communities in Soil
In order to determine if nitrifying microbial communities in soil are affected by
the multi-factorial disturbance of heating and N-fertilization, total soil DNA was used in
the amplification and pyrosequencing of thaumarchaeal amoA genes by Molecular
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Research LP (Shallowater, TX) as described by Hamaoui and colleagues (2016). In order
to generate samples for pyrosequencing, equal concentrations of the duplicate DNA
samples per plot and soil layer were combined together to result in one composite DNA
sample per plot and soil layer. This resulted in a total of three replicates per treatment
type and soil layer.
4.3.6 Sequence Analysis
All thaumarchaeal amoA sequence processing, was performed as indicated by
Hamaoui and colleagues (2016). Briefly, poor quality reads (Q-score < 20, minimum
sequence length < 300, max number of Ns = 0, max forward primer distance = 2) were
removed and barcodes and primers were trimmed using the Ribosomal Database Project
Initial Processing Pipeline (Cole et al., 2014). Sequences were corrected for frameshift
mutations using the FrameBot tool in the FunGene analysis pipeline (Fish et al., 2013;
Wang et al., 2013). Using the reference alignment of thaumarchaeal amoA described by
Hamaoui and colleagues (2016), sequences were aligned using the software program
mothur (Schloss et al., 2009). Aligned sequences were screened for chimeras using the
mothur implementation of the program UCHIME (Edgar et al., 2011). Prior to generating
the distance matrix, sequences from the replicates for each treatment type and soil layer
were merged into single libraries and subsampled to 165 sequences per library (smallest
number of sequences among the libraries). A distance matrix generated from these
sequences was used in clustering to form OTUs at a cutoff of 85% as recommended by
Pester and colleagues (2012). Additionally, a phylogenetic tree of all sequences was
created using the implementation of clearcut (Sheneman et al., 2006) in mothur. The
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Good's coverage, abundance coverage estimator (ACE), Chao estimator of OTU richness,
Inverse Simpson and Shannon diversity indices, and the Boneh estimator of additional
OTUs potentially observed with more sampling were calculated using mothur.
To determine if the multi-factorial disturbance of heating and N-fertilization alters
the community structure of thaumarchaeal ammonia-oxidizing communities, the distance
matrix and phylogenetic tree of the thaumarchaeal OTUs were used in ∫-libshuff (Schloss
et al., 2004), unwieghted UniFrac (Lozupone and Knight, 2005), and weighted UniFrac
analyses (Lozupone et al., 2007) implemented in mothur. Due to the six comparisons
being made in the ∫-libshuff analysis between treatment types and soil layers, a
Bonferroni correction was used to set a significant p-value for community structure
comparisons at p = 0.00833.
4.3.7 Phylogenetic Characterizations of Thaumarchaeal Ammonia-Oxidizing
Communities
Representative OTUs from the chimera screened thaumarchaeal amoA dataset,
based on the 85% cutoff, were determined using mothur according to the method of
Hamaoui and colleagues (2016). The alignment of these sequences was used to construct
maximum likelihood phylogenetic trees using the Tamura 3-parameter + gamma
distribution + invariable sites nucleotide substitution model in the software package
MEGA v 6.0 (Tamura et al., 2013). Inferred amino acid based trees showed similar
branching topology but a lower degree of phylogenetic separation due to polytomies
among some of the subclusters. Thus, only DNA based trees are shown. The archaeon
enrichment clone CN25 (NCBI Accession #JF521548) was set as the outgroup.
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4.3.8 Statistical Analysis
All soil chemical data, potential biogeochemical rate data, and qPCR abundances
were analyzed using the software package R implemented through RStudio (R
Development Core Team, 2013; RStudio, 2012). Each parameter was transformed if
needed to ensure normality of data and homogeneity of variances. Soil pH, natural log
transformed chemical and qPCR values (NH4+, fungal 18S rRNA abundance,
thaumarchaeal amoA abundance, and ratio of thaumarchaeal amoA:archaeal 16S rRNA),
and Box-Cox transformed N-mineralization rates were analyzed with two-way ANOVA
with soil treatment and soil layer as factors. Parameters which produced significant
global differences were analyzed further with Tukey Honest Significant Differences
multiple comparisons test. Soil GWC, OM, nitrification rate, chitinase rate, and archaeal
16S rRNA abundance values could not be transformed to ensure normality. Thus, these
parameters were analyzed with a Kruskal-Wallis rank sum test with the interaction of soil
treatment and layer as a single factor. Parameters which produced significant global
differences were analyzed with Conover's Test for multiple comparisons of mean rank
sums using the Holm adjustment for p-values. Bacterial 16S rRNA gene abundances
could not be transformed to ensure normality of data or homogeneity of variances. These
parameters were analyzed using a generalized linear model (GLM) of the cell means
using the interaction of treatment and soil layer as a single factor and a Gamma error
distribution. For significant global differences, pairwise simultaneous tests for general
linear hypotheses were performed to find significant differences between soil treatments
and layers using the R package 'multcomp' (Hothorn et al., 2008). For all statistical tests,
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 = 0.05 was used as a significance cutoff, and outliers were removed if they were more
than four standard deviations away from the mean. All graphs were made using the
package 'ggplot2' (Wickham, 2009).
4.4 Results
4.4.1 Soil Chemical Parameters
Despite the different long-term disturbances which had been exerted on the
different plots, the four measured soil chemical parameters showed no difference within
the same soil layer among the different treatments (Table 4.2). However, there were
differences seen between different soil layers within the same treatment. In terms of pH,
the organic horizon was significantly lower than the mineral soil for all treatments. In
contrast, OM and moisture content were consistently higher in the organic horizon than in
the mineral soil for all treatments except for the heated treatment in regards to OM (Table
4.2). Additionally, NH4+ levels only showed this pattern in regards to specific treatments.
There were no significant differences between organic horizon and mineral soil for
control and heated treatments. However, the organic horizon had higher NH4+ levels in
nitrogen and heated  nitrogen treatments (Table 4.2). Lastly, across all of the treatments
and soil layers, NO3- was below the detection limit (0.1 mg NO3- - N/L).
4.4.2 Potential N-Mineralizing, Nitrifying, And Chitinase Enzyme Rates
As seen with the soil chemistry parameters, potential N-mineralization,
nitrification, and chitinase enzyme rates among treatments within the same soil layer
showed no significant differences (Figs. 4.1-4.3). Additionally, potential N-mineralization
and nitrification rates showed no significant difference between the different soil layers
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within a treatment (Figs. 4.1 and 4.3). However, specific treatments did have significant
differences in chitinase enzyme rates between soil layers (Fig. 4.2). Both the control and
the heated nitrogen treatments had higher chitinase enzyme rates in the organic horizon
than in the mineral soil whereas the heated and nitrogen treatments showed no difference.
4.4.3 Microbial Marker Gene Abundance and Thaumarchaeal Ammonia-Oxidizer
Community Structure Characterizations
Similarly to soil chemical parameters and potential biogeochemical rates, total
bacterial, archaeal, and fungal rRNA gene copy numbers showed no significant
differences between soil treatment or soil layers despite six years of warming and Nfertilization disturbance (Figs. 4.4-4.6). All three groups of marker genes had similar
levels of abundance in all soil treatments and layers (~108-109). Additionally,
thaumarchaeal amoA gene copy numbers showed no significant differences between soil
treatments or layers (Fig. 4.7a). The thaumarchaeal ammonia-oxidizing community
constituted a small percentage (approximately 0.1-0.6%) of the total archaeal community
present in the soil when amoA gene copy numbers were normalized to estimated archaeal
cell numbers (Fig. 4.7b; see section 2.4 of Materials and Methods). As seen with amoA
copy numbers, no significant differences were seen in the ratios of amoA
numbers:estimated archaeal cell numbers between soil treatments and layers (Fig. 4.7b).
Lastly, despite trying to amplify bacterial chiA genes, which encode for chitinases of
family 18 glycosyl hydrolases and which have the only wide ranging primer set available,
successful amplification could not be obtained from any of the samples (data not shown).
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In order to gain a deeper understanding of the community dynamics of the group
of microorganisms involved in NH4+ depletion and NO3- production in the most extreme
of treatments, pyrosequencing of the thaumarchaeal amoA gene was performed on DNA
extracted from the organic horizon and mineral soil of control and heated nitrogen
treatments. Few OTUs were found in either treatment (1 in the organic horizon and three
in the mineral soil for both treatments) along with low Shannon and inverse Simpson
diversities (Table 4.3). Despite subsampling the communities to 165 sequences per
library, all communities were throughly sampled with Good's coverage values equal to
one.
However, despite this low OTU richness and diversity, thaumarchaeal ammoniaoxidizer communities showed significant structural differences between each soil
treatment and layer using both phylogenentic tree-based (unweighted and weighted
UniFrac) and non-tree based (∫-libshuff) metrics (Table 4.4). These community structure
differences are driven by changes in the relative abundance of OTUs most closely related
to Nitrosospharea, Nitrosotalea, and Nitrosopumilus spp. (Fig. 4.8). Control organic
horizon is dominated by OTU #1, most closely related to thaumarchaeal ammoniaoxidizers such as Nitrososphaera gargensis, N. evergladensis, and N. viennensis EN76.
However, unlike any of the other treatments, heated nitrogen organic horizon soil
consists entirely of OTU #3, most closely related to Nitrosopumilus spp. In addition to
containing many OTU #1 sequences, control and heated nitrogen mineral soils also
consisted of OTUs #1 and #2, most closely related to Nitrosotalea devanaterra and N. sp.
Nd2 (Fig. 4.8).
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4.5 Discussion
4.5.1 Overall Summary
In this study, we investigated the effects of artificial soil warming and Nfertilization on soil chemical parameters, biogeochemical rates, and microbial
communities involved with the production and depletion of NH4+. We predicted that these
parameters would not be resistant to the warming and N-fertilization disturbances exerted
on the plots and would show differing process rate values and varying microbial
community abundances and structures among the different treatments. Additionally, we
hypothesized that of the two disturbances, soil warming would be the larger driver of soil
biogeochemical rate and microbial community differences. However, we found that our
hypotheses are only supported in regards to microbial community structure metrics.
There were no significant differences in soil chemistry parameters among different soil
treatments within the same soil layer (Table 4.2) or in potential biogeochemical rates (Nmineralization, nitrification, and chitinase enzyme rates; Figs. 4.1-4.3). Similarly, no
significant differences were seen among any of the soil treatments and layers in bacterial
16S rRNA, fungal 18S rRNA, archaeal 16S rRNA, and thaumarchaeal amoA gene copy
numbers (Figs. 4.4-4.6). In contrast, microbial community structure metrics of
thaumarchaeal ammonia-oxidizers did support our hypothesis in that each soil treatment
(control or heated nitrogen) and layer (organic horizon or mineral soil) were
significantly different from each other (Table 4.4). Such changes in community structure
were driven by alterations in the abundance of OTUs most closely related to Nitrosotalea
spp. and Nitrososphaera spp.. Also, one soil treatment/layer combination, heated 
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nitrogen organic horizon, was dominated by one OTU most closely related to
Nitrosopumilus spp. (Fig. 4.8). This study indicates that, after six years of warming and
N-fertilization of temperate forest soil, microbial communities change in terms of
community ecological dynamics but not in terms of total organism abundance or potential
biogeochemical rates.
4.5.2 Alterations in Soil Chemistry Values and Potential Biogeochemical Rates
The lack of differences in terms of soil pH, OM, moisture content, and NH4+
levels across treatment types has been documented by other researchers for some of these
parameters both at our SWaN site (Contosta et al., 2011) and at other long-term
disturbance experiments at Harvard Forest (Turlapati et al., 2012). However, similar to
these other studies, clear differences were seen between the organic horizon and mineral
soil within a treatment for soil pH, OM, and moisture content. Concerning NH4+ levels,
such differences between soil layers within a treatment were only seen in NH4+ levels
from nitrogen and heated nitrogen plots. This accumulation of NH4+ is most likely due
to the NH4NO3 fertilizer applied to the soil surface on a monthly basis during the growing
season in these plots (plots were sampled for the current study in September 2012). The
lack of measurable NO3- levels in any of the soil treatments and layers is intriguing given
that this current study and a recent study by Butler and colleagues (2011), in a similar
long-term warming experiment at Harvard Forest, did find positive potential and net
nitrification rates, respectively, across soil treatments. Melillo and colleagues
(2011) recently found that in a 10 yr old long-term warming experiment in Harvard
Forest, tree canopy leaves had absorbed nearly all of the inorganic N released through
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thermal stimulation of organic matter degradation. Inorganic nitrogen had not been
detected in groundwater nor had N2O been detected from either control and heated
treatments. Regardless of whether the inorganic N resulted from increased microbial
degradation activity (due to warming) or from application of NH4NO3 fertilizers, such
inorganic N uptake by trees could cause NO3- to be below the detection level in the
SWaN plots analyzed in this study.
The lack of differences in potential N-mineralization, nitrification, and chitinase
enzyme rates is odd given that previous studies looking at long-term warming plots or the
SWaN plots at Harvard Forest have found significant differences in biogeochemical rates.
For example, both Butler and colleagues (2011) and Melillo and colleagues (2011) found
that net N-mineralization and net nitrification were significantly higher in long-term
heated plots (5ºC above ambient temperatures) compared to control plots, and the rates of
these processes remained higher in the heated plots throughout the seven years of the
experiment. However, the lack of differences in our current study is similar to the
findings of Venterea and colleagues (2004) who found that gross N-mineralization was
not significantly different in either the organic horizon or mineral soil of hardwood
forests across three fertilization treatments (control, low-N (5 g N m-2 yr-1), and high-N
(15 g N m-2 yr-1); Chronic N Amendment Study at Harvard Forest). Gross nitrification
was found to be higher only in the high-N fertilized plots of both soil layers of the
hardwood forest. While not measuring chitinase enzyme rates, Frey and colleagues
(2004) measured another glycosidase, β-1,4-glucosidase, involved in cellulose
degradation from the three different treatments of the Chronic N Amendment Study site.
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Similar to the findings of Venterea and colleagues, they found that β-1,4-glucosidase
activity was found to be significantly higher in the high-N plots compared to the control
and low-N plots. Given these results, one would predict that potential N-mineralization
and nitrification rates would be greater in the heated and heated nitrogen plots
compared to the control and nitrogen plots. Also, one would expect the nitrification and
chitinase rates to increase in the nitrogen and heated nitrogen plots only when nitrogen
fertilizer was applied at a high enough level (~15 g N m-2 yr-1) which was not the
concentration used in this study. The lack of differences between control and heated or
heated nitrogen plots may be attributable to the nature of the two assays used to
measure N-mineralization and nitrification rates in this study and those by Butler and
colleagues (2011). Specifically, potential rate and enzyme assays employed here measure
the maximum rate of a microbial process of production and consumption when microbes
are incubated with excess amounts of substrate and at stable laboratory conditions
(constant pH and temperature). Net rates measure the total quantity of inorganic N that
remains after total production and consumption, often in a field setting such as those used
by Butler and collegaues (Butler et al., 2011) and Melillo and colleagues (Melillo, 2002;
Melillo et al., 2011). Additionally, the negative values for potential nitrification rates
indicate that even the potential assays used here for nitrification also may promote the
growth of organisms which can consume NO3- products at the same rate they are being
made. This loss of nitrate could be do to N-immobilization by other soil microbes since
these assays were performed aerobically, and, therefore, inhibit anaerobic denitrification
(Hart et al., 1994). Lastly, the lack of differences in chitinase enzyme rates in the SWaN
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plots may indicate the stressors of heating and low-N fertilization used in this study are
not severe enough to cause alterations to chitinase production by microbial populations.
4.5.3 Stability of Microbial Marker Gene Abundances and Alteration in
Thaumarchaeal Ammonia-Oxidizer Community Structure
The lack of differences in bacterial, fungal, and archaeal rRNA gene copy
numbers and in thaumarchaeal amoA gene copy numbers between the treatments is
similar to the results of DeAngelis and colleagues (2015) who found no significant
difference in fungal (P = 0.07) or bacterial 16S rRNA gene copy levels in organic horizon
soil of control and heated plots for a 5 yr warming study site (SWaN site), 8 yr (Barre
Woods) and 20 yr (Prospect Hill) at Harvard Forest. Additionally, Crowther and
colleagues (2015) found no significant difference in fungal 18S rRNA gene copies in
experimental subplots inoculated with wood-decaying fungi and microinvertebrates
(Porcellio scaber) in the SWaN plots. This experimental treatment was designed to mimic
the natural abundances of fungal chords and woodlice found in other plots of Harvard
Forest (Crowther et al., 2015). As indicated by these studies, total microbial population
sizes may be resistant to the artificial stressors placed upon soils at the SWaN sites.
Alternatively, there may have been population changes initially after plots were
established, but population numbers may have shown resiliency and returned to predisturbance levels (Allison and Martiny, 2008) after being exposed to the disturbances for
a period of time. More work needs to be done to determine if the lack of differences in
this and other studies is due to a lack of sampling through time (seasonal sampling) or to
actual resistance/resilience on the part of the community in terms of population number.
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However, unlike marker gene abundances, community structure analyses of
thaumarchaeal ammonia-oxidizers in control and heated nitrogen treatments did show
significant changes for each treatment and soil layer (Table 4.4). These differences are
similar to the results of DeAngelis and colleagues (2015) who found significant
differences in bacterial community structure in the organic horizon after 20 years of
warming in the Prospect Hill plot. These results are also similar to the findings of
Turlapati and colleagues (2012, 2015) who found community structural differences of
total bacterial (at the 3% OTU level) and for select phyla (≤ 3% OTU cutoff) between
control, low-N, and high-N fertilized plots at the Chronic N Amendment Study at
Harvard Forest. Additionally, analyses of fungi at the Chronic N Amendment Study have
shown that there are significant differences in fungal community structure between the
three levels of N treatment (Morrison et al., 2016). However, unlike broad community
characterizations based on 16S rRNA or ITS sequencing in the above studies, sequencing
of nitrification marker genes indicates that community differences can be seen in as little
as six years after plot establishment. Also, the community structural differences and
consistent potential biogeochemical rates and marker gene abundances indicate that the
thaumarchaeal nitrifying community may be exhibiting functional redundancy (Allison
and Martiny, 2008). Such a finding is encouraging in that in the face of multiple
anthropogenic disturbances, altered microbial communities can still perform a critically
important biogeochemical process, namely nitrification, at a consistent rate.
One of the most interesting findings is the complete OTU shift away from
Nitrosospharea and Nitrosotalea spp. to organisms more closely related to
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Nitrosopumilus maritimus, an organism initially isolated from gravel in a marine tropical
fish tank (Könneke et al., 2005). Since then, other studies have documented the presence
of Nitrosopumilus spp. in various soil samples experiencing different soil treatments. For
example, Tourna and colleagues (2008) found that while the Nitrosopumilus related
OTUs in soil microcosms incubated at increasing temperatures form 10-30°C decreased
in relative abundance of 16S rRNA genes by denaturing gradient gel electrophoresis
analysis, Nitrosopumlius transcripts increased in abundance. Additionally, BoyleYarwood and colleagues (2008) found clone sequences associated with both known soil
sequences and with sediment/estuarine sequences, such as N. maritimus, in soil from
Douglas fir and red alder stands in Oregon. In addition to forest soils, Song and
colleagues (2016) found OTUs most closely associated with group I.1a thaumarchaeal
amoA (Nitrosopumlius spp.) in a chronosequence (time series) of greenhouse garden soil
receiving urea amendments (1100 kg N ha-1) over nine years. However, the dominance of
N. maritimus OTUs in only the heated nitrogen organic horizon soil is quite intriguing.
N. maritimus is known to be a major player in open ocean nitrification, has an optimum
pH range of 7.0-7.2, and has an extremely low substrate threshold for growth (≤ 10 nM
NH4+), one of the lowest thresholds of any known microbe for its substrate (MartensHabbena et al., 2009). One would expect such an organism to be present in soil layers
with lower amounts of ammonium (control and heated nitrogen mineral soil; Table 4.2)
and significantly higher, albeit still acidic, pH values. It is possible that heated nitrogen
treated temperate forest organic horizon soil harbors uncharacterized strains of
Nitrosopumilus species that are acidophillic and require higher NH4+ concentrations for
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growth compared to known strains. Even though more work needs to be done to
determine the extent and diversity of N. maritimus strains in fertilized soil from different
temperate forest habitats, these results appear to contradict the recent suggestion by
Pester and colleagues (2012) that Nitrosopumilus-related organisms are rare or absent in
soils.
Taken together, the results of this study indicate that many soil chemical
parameters, N-cycling rates, and microbial population abundances in temperate forest soil
have been resistant or resilient to anthropogenic stresors of warming and N-fertilization.
In regards to nitrification, the lack of differences in potential nitrification rate between
treatments but clear community shifts in thaumarchaeal ammonia-oxidizer communities
indicates that the SWaN plots may be exhibiting functional redundancy in regards to
nitrification processes. While more frequent sampling done over many years may indicate
shifts in various microbial parameters (Contosta et al., 2015), our results show that
microbial communities can experience structural shifts within the first few years of a
warming and N-fertilization experiment, regardless of consistency of soil chemical or rate
measurements. This finding of functional redundancy in the thaumarchaeal ammoniaoxidizing community can act as a foundation for the development of later hypotheses and
models to describe what organisms are activated under warming and fertilization stress in
order to perform N-cycling processes at consistent levels.
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4.6 Figures and Tables
Table 4.1: Quantification of microbial target genes in different soil treatments and layers,
types of standards used for those genes, and qPCR conditions for gene quantification
Target Gene

Standard Type1 Standard Source

qPCR Primers

Annealing
Temp (°C)

qPCR primer
Reference

Bacterial 16S
rRNA

PCR Product
(8F/1492R)

E.coli

563F/926R

57.7

(Claesson et al.,
2010)

Fungal 18S
rRNA

PCR Product
(EF4f/ITS2)

Pleurotus eryngii

EF4f/Fung5R

58.0

(van Elsas et al.,
2000)

Archaeal 16S
rRNA

PCR Product
(21F/1492R)

Methanothermococcus sp.

915F/1059R

65.0

(Yu et al., 2005)

Archaeal amoA

PCR Product
(SL1/SL2)

Uncultured AOA amoA19F/643
clone
R
(#EU925228)

61.4

(Islam et al.,
2008; Leininger
et al., 2006;
Levy-Booth et
al., 2014;
Treusch et al.,
2005)

Notes:
1

Standard Type indicates what type of template was used as standard in each qPCR
reaction. Primer names in paraentheses indicate the larger primer set used to amplify near
full-length genes from the standard source. SL1/SL2 are priming sites in the commercial
vector pSMARTGC HK (Lucigen Corp., Middleton, WI) in which the archaeal amoA
product was cloned. Larger primers were used for standard amplification when possible
in order to avoid damage to priming sites during freezing and thawing of standards
(Marcus Horn, personal communication).
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Table 4.2: Measured chemical parameters of soil collected from various treatment plots
and soil layers at the SWaN Experimental Site
Soil Treatment and Layer

pH OM Ratio Moisture Content
(H2O)

NH4+

Control OH

3.6b

0.678b

1.001b

10.980b,c

Control MS

5.0a

0.109a

0.268a

3.170a,c

Heated OH

4.0b

0.480b,c

0.667b,c,d

8.493b,c

Heated MS

5.0a

0.124a,c

0.250a

2.880a,c

Nitrogen OH

3.7b

0.616b

1.067b

18.733b

Nitrogen MS

4.9a

0.148a

0.334a,d

2.670a,c

Heated x Nitrogen OH

3.8b

0.552b

0.691b,d

24.997b

Heated x Nitrogen MS

5.1a

0.144a,c

0.303a,c

4.000a,c

Notes:
1
Units for soil parameters: OM (organic matter ratio, g OM/g dry soil); MC (moisture
content, g H2O/g dry soil); NH4+ (μg NH4+-N/g dry soil)
2
NO3- was below the detection limit for all samples (0.1 mg NO3- - N/L).
3
Within a column, values that do not share the same letter are significantly different from
each other (P < 0.05).
4
For all treatments except Heated MS, n = 3 biological replicates. For Heated MS, n = 2
biological replicates.
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Figure 4.1: Potential N-mineralization rates of soil collected from various treatment plots
and soil layers at the SWaN Experimental Site. Bars represent means ± standard errors of
the mean. None of the pairwise comparisons between treatments and soil layers were
significantly different from each other (P > 0.05). For all treatments except Heated MS, n
= 3 biological replicates. For Heated MS, n = 2 biological replicates.
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Figure 4.2: Potential chitinase enzyme rates of soil collected from various treatment plots
and soil layers at the SWaN Experimental Site. Bars represent means ± standard errors of
the mean. Samples that do not share the same letter are significantly different from one
another (P < 0.05). For all treatments except Heated MS, n = 3 biological replicates. For
Heated MS, n = 2 biological replicates.
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Figure 4.3: Potential nitrification rates of soil collected from various treatment plots and
soil layers at the SWaN Experimental Site. Bars represent means ± standard errors of the
mean. Negative values indicate that NO3- was being consumed over the duration of the
assay. None of the pairwise comparisons between treatments and soil layers were
significantly different from each other (P > 0.05). For all treatments except Heated MS, n
= 3 biological replicates. For Heated MS, n = 2 biological replicates.
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Figure 4.4: Bacterial 16S rRNA gene copy numbers in soil collected from various
treatment plots and soil layers at the SWaN Experimental Site. Bars represent means ±
standard errors of the mean. None of the pairwise comparisons between treatments and
soil layers were significantly different from each other (P > 0.05). For all treatments
except Nitrogen OH, n = 3 biological replicates. For Nitrogen OH, n = 2 biological
replicates.
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Figure 4.5: Fungal 18S rRNA gene copy numbers in soil collected from various treatment
plots and soil layers at the SWaN Experimental Site. Bars represent means ± standard
errors of the mean. None of the pairwise comparisons between treatments and soil layers
were significantly different from each other (P > 0.05). For all treatments except Nitrogen
OH, n = 3 biological replicates. For Nitrogen OH, n = 2 biological replicates.
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Figure 4.6: Archaeal 16S rRNA gene copy numbers in soil collected from various
treatment plots and soil layers at the SWaN Experimental Site. Bars represent means ±
standard errors of the mean. None of the pairwise comparisons between treatments and
soil layers were significantly different from each other (P > 0.05). For all treatments
except Control OH and Nitrogen OH, n = 3 biological replicates. For Control OH and
Nitrogen OH, n = 2 biological replicates.
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A.

B.
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Figure 4.7: (a) Thaumarchaeal amoA gene copy numbers in soil collected from various
treatment plots and soil layers at the SWaN Experimental Site. Bars represent means ±
standard errors of the mean. None of the pairwise comparisons between treatments and
soil layers were significantly different from each other (P > 0.05). For all treatments
except Control OH and Nitrogen OH, n = 3 biological replicates. For Control OH and
Nitrogen OH, n = 2 biological replicates. (b) Ratio of thaumarchaeal amoA gene to
estimated total archaeal cell numbers. Archaeal cell numbers were estimated by dividing
total archaeal 16S rRNA gene copies per gram dry soil by 1.63 to result in cell numbers
(see section 2.4 of the Materials and methods for an explanation of this value). Bars
represent means ± standard errors of the mean. None of the pairiwse comaprisons
between soil treatment and layer were significantly different form each other (P > 0.05).
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Table 4.3: Community characteristics of ammonia-oxidizing archaea in different soil
treatments and layers
Soil Treatment and Layer Obs. OTUs
Good's
Shannon Inv. Simpson Boneh
Coverage
Control OH

1

1

0

1

0

Control MS

3

1

0.803

1.998

0

Heated  Nitrogen OH

1

1

0

1

0

3
1
0.916
2.138
0
Heated  Nitrogen MS
Notes:
1
Each site for AOA was normalized to 165 sequences per library. The species cutoff used
was 85% as detailed in section 2.6 of the Materials and methods.
2
The Boneh calculator estimates the number of additional OTUs that could be observed
with increased sampling effort.
3
DNA sequences from multiple samples were pooled together to make a composite
sample due to low amplification success with specific Control OH replicate samples.

155

Table 4.4: Comparison of AOA community structures between different soil treatments
and layers
Comparison
∫-libshuff
Unweighted UniFrac
Weighted UniFrac
ΔCXY

P-value

UW Score

P-value

W Score

P-value

C-MS↔C-OH

0.0759

0.001

0.9587

< 0.001

0.9075

< 0.001

C-MS↔HNMS

0.0018

0.001

0.7585

< 0.001

0.1414

< 0.001

C-MS↔HNOH

0.2066

0.001

0.9349

< 0.001

0.6317

< 0.001

C-OH↔HNMS

0.0037

0.001

0.9663

< 0.001

0.9140

< 0.001

C-OH↔HNOH

0.2176

0.001

0.9942

< 0.001

0.9752

< 0.001

HN-MS↔HN- 0.2034 0.001
0.9264
< 0.001
0.6276
< 0.001
OH
Notes:
1
AOA libraries were subsampled as indicated in Table 4.3 before perfoming the ∫-libshuff
and UniFrac analyses.
2
A Bonferroni correction was applied in order to account for the multiple pairwise
comparisons being made between the soil treatments and layers. Thus, at an α = 0.05,
only p < 0.00833 was considered significant.
3
∫-libshuff analysis also performed the reverse comparison for each soil treatment and
layer. All of the reverse comparisons also had p = 0.001 except for C-OH↔C-MS (p =
0.031) and HN-MS↔C-MS (p = 0.183).
4
C = control, HN = heated  nitrogen
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Figure 4.8: (a) Maximum-likelihood phylogenetic tree of representative AOA OTUs from
the different soil treatments and layers. The phylogenetic tree was made using 318
nucleotide positions of the amoA gene. The Tamura 3-parameter + gamma distribution +
invariable sites nucleotide substitution model was used. Bootstrap scores greater than
50% are displayed. Scores were determined using 500 replications of the tree. Prior to
phylogenetic analysis, all sequence libraries were subsampled to 165 for each soil
treatment and layer. The pie charts for each OTU represent the proportion of each
cluster's composition that can be attributed to a specific soil treatment and layer (control
organic horizon (C-OH), white; control mineral soil (C-MS), black; heated  nitrogen
organic horizon (HN-OH), light gray; and heated  nitrogen mineral soil (HN-MS), dark
gray). The size of the pie-charts is the log-transformed value of the total number of
sequences in each OTU cluster. Archaeon enrichment culture clone (JF521548) was used
as an outgroup. (b) The inset table shows the total number of sequences within each OTU
and the percentage attributable to each soil treatment and layer. The scale bar represent 5
substitutions per 100 bases. The numbers in parentheses next to reference sequence
names are the GenBank accession numbers for this sequences. Because OTU #4 was split
among two soil treatments and layers on branches most closely related to Nitrosotalea
spp., each soil treatment and layer was designated with its own pie chart.
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CHAPTER 5
CONCLUSIONS, FUTURE WORK, AND BROADER IMPACTS
5.1 Conclusions
Biogeochemical cycling, or chemical reactions of geological interest mediated by
microbes, is critical to life on the planet (Falkowski et al., 2008; Madigan and Martinko,
2006). Terrestrial biogeochemical cycling is of major concern because of the effects that
various nutrient cycles can have on crop growth and climate change (Arneth et al., 2010).
Among all of the elements cycled through various compartments of terrestrial
ecosystems, one of the most limiting is N (Myrold, 2007). N-cycling can allow
atmospheric N2 to be fixed into bioavailable forms, such as NH4+ (through the process of
N-fixation) but can also allow this N to be lost from ecosystems either as leached nitrate
(through nitrification) or released gases, such as NO, N2O, and N2 (through nitrification,
denitrification, and annamox) (Bardgett, 2005; Levy-Booth et al., 2014; Long et al.,
2012). Anthropogenic changes to ecosystems can accelerate the release of this N,
contributing to eutrophication from excess NO3- and climate forcing from the greenhouse
gas N2O. Tropical and temperate forests are major terrestrial biomes that influence global
N-cycling and are under intense anthropogenic disturbances. Tropical forests, such as the
Brazilian Amazonian Rainforest, are experiencing extensive land-use conversion to
pastures and cropland (Cardille et al., 2002; Cardille and Foley, 2003; Houghton et al.,
2000; Rodrigues et al., 2009). Temperate forests, especially in the northeastern United
States, have already undergone deforestation disturbance due to European colonization
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and expansion. However, temperate forests are experiencing increasing temperatures and
N-deposition rates from anthropogenic fossil fuel use.
The objective of this dissertation work was to determine how land-use change and
increases in temperature and N-deposition affect microorganisms in the soils of these
biomes. This objective was investigated in chapters two, three, and four, and the
respective hypotheses and results are summarized in the following paragraphs.
5.2 Summary of Research Findings
The goal of chapter two was to determine how land-use conversion of primary
rainforest to cattle pasture alters nitrifying bacteria and archaea in the soil of these two
habitats (Hamaoui et al., 2016). I hypothesized that the abundances and community
structures of ammonia-oxidizing bacteria (AOB) and thaumarchaea (AOA) would not be
resistant to the stress of land-use conversion and will show changes. However, I also
hypothesized that these nitrifying communities will show resiliency and return to a predisturbance (primary forest) condition when pastures were abandoned and allowed to
form secondary forests. Analyzing soil from a primary rainforest and a chronosequence of
young pasture (six years old), old pasture (99 years old), and secondary forest, land-use
conversion decreased soil NO3-, P, and exchangeable acidity. The ammonia-oxidizing
community consisted entirely of AOA as AOB could not be amplified despite using
multiple primer sets spanning different regions of the amoA gene. The number of
thaumarchaeal amoA gene copies per ng DNA were significantly lower in the two
pastures compared to primary and secondary forests (P < 0.05). However, gene copy
levels were not significantly correlated with any soil chemical variable. The AOA
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community consisted of 9-13 OTUs between the four land-use treatments. Community
structure between each land-use was significantly different (P < 0.001) as determined by
AMOVA, HOMOVA, and ∫-libshuff analysis. Phylogenetic analysis of AOA amoA genes
indicated that the majority of sequences were related to Nitrososphaera spp.. Remarkably,
land-use conversion of forest to pasture and abandonment of pasture to form secondary
forest caused the nearly complete disappearance of an entire genus of AOA, the
Nitrosotalea. While soil chemical parameters and thaumarchaeal amoA gene copy
abundance recovers to pre-disturbance levels, the nearly complete disappearance of the
Nitrosotalea indicates that land-use change can have long-lasting impacts on
thaumarchaeal ammonia-oxidizing communities in soil. Thus, my hypotheses were only
partially supported. While the soil chemistry, AOA abundance, and AOA community
structures were not resistant to land-use change stress, only soil chemistry and AOA
abundance showed recovery to pre-disturbance levels after pasture abandonment. AOA
community structure remained altered, and the Nitrosotalea genus was greatly reduced in
pasture and secondary forest.
The goal of chapter three was to continue the investigation of the effects of landuse conversion on soil microbial communities by determining if the general responses of
the bacterial community were consistent through time. I hypothesized that, due to the
intense disturbance of land-use change, soil bacteria will show consistent responses in
community structure and diversity, especially in regards to biotic homogenization, across
multiple years of sampling. After the analysis of bacterial 16S rRNA genes amplified
from soil DNA collected annually from rainforest and pasture soil using a
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biogeographical sampling approach, I found that many responses of bacterial
communities to land-use change were consistent across all three years of sampling. This
is especially true in regards to patterns in OTU richness and Faith's phylogenetic
diversity. However, both taxonomic (Bray-Curtis) and phylogenetic (Weighted UniFrac)
measures of community similarity only showed significant differences (P < 0.05) between
forest and pasture samples collected from 2009. Both taxonomic and phylogenetic
community turnover, or distance-decay, metrics of bacteria were significantly higher in
forest than in pasture (P ≤ 0.001) for 2009 and 2010, indicating how inhomogeneous their
distribution is. However, no significant differences could be detected between land-uses
in 2011 (P > 0.05). Lastly, indicator species analyses found two OTUs, most closely
related to Rhodomicrobium udaipurense and Anaeromyxobacter dehalogens, exclusively
in pastures. Thus, my hypothesis was supported for specific community metrics but not
for community similarity patterns across all sampling years. This lack of difference in
community similarity between land-uses may be attributable to using slightly different
soil DNA extraction methods (Mo Bio PowerSoil vs. PowerLyzer kits) between 2009 and
2010/2011. These methods employed different sized glass beads for ballistic soil
destruction, and this difference in beads may have released DNA from a greater number
and variety of bacteria in the soil. Also, the presence of A. dehalogens, an organism
containing atypical NosZ proteins involved in N2O reduction (Sanford et al., 2012),
exclusively in pasture may provide an additional explanation as to why soil N2O
emissions are lower in older pastures (> 3 yr old) than in primary forest.
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The goal of chapter four was to examine the effects of another set of
anthropogenic disturbances, namely increasing temperature and N-deposition, resulting
from climate change and fossil fuel use. This study was conducted at the Harvard Forest
LTER in Petersham, MA, as this site has undergone a first round of human disturbance
(land-clearing and agriculture) and is now experiencing the stresses of climate change
and increased N-deposition. I hypothesized that processes related to NH4+ production and
consumption, namely N-mineralization, chitin degradation, and nitrification, and the
microbial communities related to these processes will not be resistant to combined
warming and N-deposition stress but will show alterations in community structure and
process rates. Additionally, I hypothesized that the combined disturbances would not
have an additive effect, but warming would be the main driving force altering microbial
community structure, abundance, and process rates. Despite the consistent disturbance of
warming and N-deposition, soil pH, gravimetric water content, organic matter, and NH4+
did not show significant differences (P > 0.05) between the different soil treatments but
did show differences between soil layers across all treatments. Additionally, potential
rates of N-mineralization, nitrification, and chitinase enzymes showed no significant
differences between any of the treatments (P > 0.05). Molecular microbiological
quantification of bacterial, archaeal, and fungal rRNA genes and thaumarchaeal amoA
genes via qPCR also showed no differences between treatments and soil layers (P > 0.05).
Normalizing thaumarchaeal amoA gene copy numbers to estimated cell numbers (based
upon average 16S rRNA copy number of archaea), no significant differences were found
between treatments or soil layers, but thaumarchaeal ammonia oxidizers constituted
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approximately 0.1-0.6% of the total archaeal community. Despite numerous efforts with
different primer sets, bacterial amoA genes could not be amplified. Next-generation
sequencing of thaumarchaeal amoA genes indicated that the ammonia-oxidizing
community was relatively simple, consisting of 1-4 OTUs in total. However, significant
differences in community structures were seen between control and heated  nitrogen
treatments for both the organic horizon and mineral soil layers (∫-libshuff, Unweighted
UniFrac, and Weighted UniFrac; P ≤ 0.001). Phylogenetic analyses of representative
OTUs found that the majority of sequences cluster with organisms of the genera
Nitrosospharea and Nitrosotalea. Sequences of the control organic horizon sample
consisted entirely of Nitrososphaera. However, all of the sequences from the heated 
nitrogen organic horizon treatment clustered most closely to Nitrosopumilus maritimus,
an organism initially isolated from gravel of a tropical aquarium and considered a rare
constituent of soil microbial communities. Thus, for soil chemistry, process rate
measurements, and microbial marker gene abundances, my hypothesis was not supported
due the resistance or resilience of the these parameters to anthropogenic change.
However, in terms of thaumarchaeal community structure, my hypothesis was supported
due to the significant shifts in structure between all treatments and soil layers. Also,
given the lack of differences between the four treatments in regards to rate measurements
and marker gene abundances, it is not possible to state that warming is the main driver of
rate changes compared to the other treatments. These results of altered community
structure but consistent process rate measurements indicate that thaumarchaeal nitrifying
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communities may be exhibiting functional redundancy in heated  nitrogen soil in the
SWaN plots.
5.3 Recommendations for Future Work
Given recent advances in microbial ecology, the work performed in this
dissertation could be expanded to determine which taxa are responsible for the N-cycling
transformations described here. While the DNA-based studies employed in this
dissertation can give a good overview of genetic potential of microbial communities,
these methods cannot indicate which groups are metabolically active. Using RNA-based
methods could indicate which N-cycling genes are being up-regulated, but transcript
abundance is not proof that an actual function is being performed. One combination of
approaches that could determine both the identity of active microbes and the rates of the
processes they are catalyzing is through the use of 15N isotopic methods and protein
stable isotope probing (SIP) (Jehmlich et al., 2016; Marchant et al., 2016). Isotopic
methods using 15N, either through the supply of labeled substrate and measurement of
labeled product (15NH4+ → 15NO3-) or through pool dilution techniques, can give very
accurate, gross rate measurements of microbial N-cycling activity in an environment.
New advances in performing these types of experiments in the field, by applying labeled
substrate directly to soil in permeable buried chambers, can avoid a number of
experimental artifacts resulting from laboratory-based incubations. Such in situ chamberbased methods have been developed for oceanic systems (Bombar et al., 2014) and
similar technology may be developed for soil systems. In addition to these methods,
protein-SIP could allow for determination of actively growing microbes producing the
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needed enzymes to perform N-cycle process rates. For example, in the case of nitrifiers,
soil could be incubated in the presence of 13CO2 and 15NH4+ to determine not only gross
activity but also assimilation of CO2 during autotrophic growth. Similar to studies making
use of DNA- and RNA-SIP of AOA incubated in the presence of 13CO2 (Pratscher et al.,
2011), proteins labeled with 13C could be harvested, identified through mass spectrometry,
and related back to specific taxa producing those proteins. Such experiments would
provide functional protein-based evidence of which microbial taxa are performing
specific N-cycling processes and could be correlated with gross rate measurements.
In addition to improved rate measurements and characterizations of microbes
involved in N-cycle processes, further study into the unique N-cycling organisms affected
by the different treatments investigated in tropical and temperate forests could shed light
on genomic and/or transcriptomic changes organisms undergo while coping with
anthropogenic stressors. By combining metagenomic and metatranscriptomic sequence
analysis of DNA and RNA extracted from various soils undergoing anthropogenic
disturbance, one can map large contigs, and potentially genomes, of active organisms to
the total microbial metagenome present in soil using the new 'omics visualization
platform, A'nvio (Eren et al., 2015). This would prove especially useful in finding the
most abundant and active organisms affected by the different treatments. These data
could also prove useful in developing cultivation strategies to target abundant and active
novel N-cycling organisms. Having such pure cultures of organisms would allow for a
more systematic and detailed analysis of how the anthropogenic disturbances investigated
in this study alter the physiological responses of N-cycling organisms to stressors.
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Lastly, refining biogeochemical rate models to explain the role of microbial
communities and edaphic factors in affecting rate measurements could be enhanced
through the use of multimodel inference methods (Graham et al., 2016). By using these
inference methods, Graham and colleagues showed that incorporation of microbial
community data into predictive models for biogeochemical rates enhanced the predictive
power of such models. The addition of community data from specific N-cycling
organisms may enhance predictive models of N-mineralization and nitrification rates
which have already been documented to be altered in tropical soils undergoing land-use
change and in temperate forests experiencing long-term soil warming (Butler et al., 2011;
Melillo et al., 2011; Neill et al., 1999).
5.4 Broader Impacts
The work performed in this dissertation illustrated the long-term and substantial
effects of land-use conversion on total soil bacterial communities and nitrifying archaeal
communities in tropical forest and pasture soil. The significant shifts in AOA amoA gene
abundance and community structure between forest and pasture sites, especially in
regards to the nearly complete disappearance of the genus Nitrosotalea from pasture and
secondary forest sites, provides a conceptual framework how Brachiaria brizantha
pasture grasses compete with different parts of the soil community to acquire NH4+. This
information can be incorporated into biogeochemical models of nitrification at our
tropical sites using the methods of Graham and colleagues (2016). These models could
then be used at other tropical sites undergoing deforestation to predict how deforestation
stress will affect N-cycling rate measurements. Additionally, the work done for the total
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bacterial community illustrates that many of the findings of Rodrigues and colleagues
(2013) are seen over multiple years, illustrating the lasting effects of land-use change on
soil bacterial communities. However, even slight changes in DNA extraction protocols
can cause some taxonomic and phylogenetic community similarity parameters to be
statistically identical between land-use treatments. Thus, this result further illustrates the
need to not only find the best DNA extraction methods for a specific system, but to be
consistent in the use of extraction methods over the entire length of an experiment.
Unlike the disturbance of land-use change, artificial warming and N-deposition of
temperate forest soils in the SWaN plots over a time period of six years did not produce
any changes in soil chemistry, rate parameters, and microbial marker gene abundances
but did cause alterations in thaumarchaeal ammonia-oxidizer community structure. These
results indicate the promising finding that, in the short term after disturbance, nitrifying
communities are exhibiting functional redundancy in terms of process rates. Thus, the
soil system has “buffering” capacity for biogeochemical process rates against
anthropogenic disturbances of increased temperature and N-deposition. This “buffering”
can delay substantial N-cycling changes in the short term as society seeks solutions to
stop or reduce disturbances resulting from climate change.
Overall, this work is unique in that it has characterized microbial community
dynamics from multiple forests in both tropical and temperate biomes experiencing
different types of anthropogenic disturbance. In both biomes total bacterial and/or
nitrifying archaeal communities experience significant shifts in community structure.
These communities form the bases of biogeochemical cycles, and alterations of these
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communities have the potential to affect process rates. In regards to N-cycling, these
disturbances can increase the loss of fixed N from ecosystems as NO3- runoff or N2O soil
emissions that contribute to euthrophication and climate change, respectively.

168

BIBLIOGRAPHY
Aber, J.D., Driscoll, C.T., 1997. Effects of land use, climate variation, and N deposition
on N cycling and C storage in northern hardwood forests. Global Biogeochem.
Cycles 11, 639–648.
Aber, J.D., Goodale, C.L., Ollinger, S. V, Smith, M.L., Magill, A.H., Martin, M.E.,
Hallett, R.A., Stoddard, J.L., 2003. Is nitrogen deposition altering the nitrogen status
of northeastern forests? Bioscience 53, 375–389.
Aber, J.D., Melillo, J.M., Nadelhoffer, K.J., Pastor, J., Boone, R.D., 1991. Factors
controlling nitrogen cycling and nitrogen saturation in northern temperate forest
ecosystems. Ecol. Appl. 1, 303–315.
Aber, J.D., Ollinger, S. V, Driscoll, C.T., 1997. Modeling nitrogen saturation in forest
ecosystems in response to land use and atmospheric deposition. Ecol. Modell. 101,
61–78.
Allison, S.D., Martiny, J.B.H., 2008. Resistance, resilience, and redundancy in microbial
communities. Proc. Natl. Acad. Sci. 105, 11512–11519.
Andrade, E.R., Jardim, J.G., Santos, B. a., Melo, F.P.L., Talora, D.C., Faria, D., Cazetta,
E., 2015. Effects of habitat loss on taxonomic and phylogenetic diversity of
understory Rubiaceae in Atlantic forest landscapes. For. Ecol. Manage. 349, 73–84.
doi:10.1016/j.foreco.2015.03.049
Arneth, A., Harrison, S.P., Zaehle, S., Tsigaridis, K., Menon, S., Bartlein, P.J., Feichter, J.,
Korhola, A., Kulmala, M., O’donnell, D., Schurgers, G., Sorvari, S., Vesala, T.,
2010. Terrestrial biogeochemical feedbacks in the climate system. Nat Geosci 3,
525–532.
Asner, G.P., Broadbent, E.N., Oliveira, P.J.C., Keller, M., Knapp, D.E., Silva, J.N.M.,
2006. Condition and fate of logged forests in the Brazilian Amazon. Proc. Natl.
Acad. Sci. U. S. A. 103, 12947–12950.
Bala, G., Caldeira, K., Wickett, M., Phillips, T.J., Lobell, D.B., Delire, C., Mirin, A.,
2007. Combined climate and carbon-cycle effects of large-scale deforestation. Proc.
Natl. Acad. Sci. U. S. A. 104, 6550–6555.
Bardgett, R.D., 2005. The biology of soil: a community and ecosystem approach, 1st ed.
Oxford University Press, New York, NY.

169

Begon, M., Townsend, C.R., Harper, J.L., 2008. Ecology: From Individuals to
Ecosystems, 4th ed. Blackwell Publishing Ltd, Malden, MA, USA.
Bombar, D., Taylor, C.D., Wilson, S.T., Robidart, J.C., Rabines, A., Turk-Kubo, K.A.,
Kemp, J.N., Karl, D.M., Zehr, J.P., 2014. Measurements of nitrogen fixation in the
oligotrophic North Pacific Subtropical Gyre using a free-drifting submersible
incubation device. J. Plankton Res. 37, 727–739. doi:10.1093/plankt/fbv049
Bonan, G.B., 2008. Forests and climate change: forcings, feedbacks, and the climate
benefits of forests. Science 320, 1444–1449. doi:10.1126/science.1155121
Boneh, S., Boneh, A., Caron, R.J., 1998. Estimating the prediction function and the
number of unseen species in sampling with replacement. J. Am. Stat. Assoc. 93,
372–379. doi:10.1080/01621459.1998.10474118
Borneman, J., Triplett, E.W., 1997. Molecular microbial diversity in soils from eastern
Amazonia: evidence for unusual microorganisms and microbial population shifts
associated with deforestation. Appl. Environ. Microbiol. 63, 2647–2653.
Boyle-Yarwood, S.A., Bottomley, P.J., Myrold, D.D., 2008. Community composition of
ammonia-oxidizing bacteria and archaea in soils under stands of red alder and
Douglas fir in Oregon. Environ. Microbiol. 10, 2956–2965.
Brankatschk, R., Bodenhausen, N., Zeyer, J., Burgmann, H., 2012. Simple absolute
quantification method correcting for quantitative PCR efficiency variations for
microbial community samples. Appl. Environ. Microbiol. 78, 4481–4489.
Brochier-Armanet, C., Boussau, B., Gribaldo, S., Forterre, P., 2008. Mesophilic
crenarchaeota: proposal for a third archaeal phylum, the Thaumarchaeota. Nat. Rev.
Microbiol. 6, 245–252.
Butler, S.M., Melillo, J.M., Johnson, J.E., Mohan, J., Steudler, P.A., Lux, H., Burrows, E.,
Smith, R.M., Vario, C.L., Scott, L., Hill, T.D., Aponte, N., Bowles, F., 2011. Soil
warming alters nitrogen cycling in a New England forest: implications for
ecosystem function and structure. Oecologia 168, 819–828.
Cáceres, M. De, Legendre, P., 2009. Associations between species and groups of sites:
indices and statistical inference. Ecology 90, 3566–3574. doi:10.1890/08-1823.1
Canfield, D.E., Glazer, A.N., Falkowski, P.G., 2010. The Evolution and Future of Earth’s
Nitrogen Cycle. Science 330, 192–196.

170

Cardille, J.A., Foley, J.A., 2003. Agricultural land-use change in Brazilian Amazonia
between 1980 and 1995: evidence from integrated satellite and census data. Remote
Sens. Environ. 87, 551–562.
Cardille, J.A., Foley, J.A., Costa, M.H., 2002. Characterizing patterns of agricultural land
use in Amazonia by merging satellite classifications and census data. Global
Biogeochem. Cycles 16, 1–12. doi:doi:10.1029/2000GB001386
Case, R.J., Boucher, Y., Dahllof, I., Holmstrom, C., Doolittle, W.F., Kjelleberg, S., 2007.
Use of 16S rRNA and rpoB genes as molecular markers for microbial ecology
studies. Appl. Environ. Microbiol. 73, 278–288.
Caspi, R., Altman, T., Billington, R., Dreher, K., Foerster, H., Fulcher, C.A., Holland,
T.A., Keseler, I.M., Kothari, A., Kubo, A., Krummenacker, M., Latendresse, M.,
Mueller, L.A., Ong, Q., Paley, S., Subhraveti, P., Weaver, D.S., Weerasinghe, D.,
Zhang, P., Karp, P.D., 2014. The MetaCyc database of metabolic pathways and
enzymes and the BioCyc collection of Pathway/Genome Databases. Nucleic Acids
Res. 42, D459–D471. doi:10.1093/nar/gkt1103
Cerri, C.E.P., Piccolo, M.C., Feigl, B.J., Paustian, K., Cerri, C.C., Victoria, R.L., Melillo,
J.M., 2006. Interrelationships among soil total C and N, microbial biomass, trace gas
fluxes, and internal N-cycling in soils under pasture of the Amazon region. J Sustain
Agr 27, 45–69.
Chao, A., Lee, S.-M., 1992. Estimating the Number of Classes via Sample Coverage. J.
Am. Stat. Assoc. doi:10.1080/01621459.1992.10475194
Chen, J., 2012. GUniFrac: Generalized UniFrac distances. doi:http://cran.rproject.org/package=GUniFrac
Chen, J., Bittinger, K., Charlson, E.S., Hoffmann, C., Lewis, J., Wu, G.D., Collman,
R.G., Bushman, F.D., Li, H., 2012. Associating microbiome composition with
environmental covariates using generalized UniFrac distances. Bioinformatics 28,
2106–13. doi:10.1093/bioinformatics/bts342
Claesson, M., Wang, Q., O’Sullivan, O., Greene-Diniz, R., Cole, J.R., Ross, R.P.,
O’Toole, P.W., 2010. Comparison of two next-generation sequencing technologies
for resolving highly complex microbiota composition using tandem variable 16S
rRNA gene regions. Nucleic Acids Res. 38, 1–13. doi:doi:10.1093/nar/gkq873
Clarke, K.R., 1993. Non-parametric multivariate analyses of changes in community
structure. Aust. J. Ecol. 18, 117–143. doi:10.1111/j.1442-9993.1993.tb00438.x
171

Cole, J.R., Wang, Q., Fish, J. a., Chai, B., McGarrell, D.M., Sun, Y., Brown, C.T., PorrasAlfaro, A., Kuske, C.R., Tiedje, J.M., 2014. Ribosomal Database Project: data and
tools for high throughput rRNA analysis. Nucleic Acids Res. 42, 633–642.
doi:10.1093/nar/gkt1244
Compton, J., Watrud, L., Porteous, L.A., DeGrood, S., 2004. Response of soil microbial
biomass and community composition to chronic nitrogen additions at Harvard
forest. For. Ecol. Manage. 196, 143–158.
Compton, J.E., Boone, R.D., 2000. Long-term impacts of agriculture on soil carbon and
nitrogen in New England forests. Ecology 81, 2314–2330.
Contosta, A.R., Frey, S.D., Cooper, A.B., 2015. Soil microbial communities vary as much
over time as with chronic warming and nitrogen additions. Soil Biol. Biochem. 88,
19–24. doi:10.1016/j.soilbio.2015.04.013
Contosta, A.R., Frey, S.D., Cooper, A.B., 2011. Seasonal dynamics of soil respiration and
N mineralization in chronically warmed and fertilized soils. Ecosphere 2, art36.
doi:10.1890/ES10-00133.1
Cretoiu, M.S., Kielak, A.M., Abu Al-Soud, W., Sorensen, S.J., Van Elsas, J.D., 2012.
Mining of unexplored habitats for novel chitinases-chiA as a helper gene proxy in
metagenomics. Appl. Microbiol. Biotechnol. 94, 1347–1358.
Cribari-Neto, F., Zeileis, A., 2010. Beta regression in R. J. Stat. Softw. 34, 1–24.
doi:http://dx.doi.org/10.18637/jss.v034.i02
Crowther, T.W., Thomas, S.M., Maynard, D.S., Baldrian, P., Covey, K., Frey, S.D., van
Diepen, L.T.A., Bradford, M.A., 2015. Biotic interactions mediate soil microbial
feedbacks to climate change. Proc. Natl. Acad. Sci. U.S.A. 112, 7033–7038.
doi:10.1073/pnas.1502956112
Da Silva, J.M.C., Rylands, A.B., Da Fonseca, G.A.B., 2005. The fate of the Amazonian
areas of endemism. Conserv. Biol. 19, 689–694.
Davidson, E.A., de Araújo, A.C., Artaxo, P., Balch, J.K., Brown, I.F., C. Bustamante,
M.M., Coe, M.T., DeFries, R.S., Keller, M., Longo, M., Munger, J.W., Schroeder,
W., Soares-Filho, B.S., Souza, C.M., Wofsy, S.C., 2012. The Amazon basin in
transition. Nature 481, 321–328. doi:10.1038/nature10717

172

Davidson, E.A., Neill, C., Krusche, A. V, Ballester, V.V.R., Markewitz, D., Figueiredo,
R.O., 2004. Loss of nutrients from terrestrial ecosystems to streams and the
atmosphere following land use change in Amazonia. Geoph Monog Ser. 153, 147–
158.
Davis, M., Gratton, L., Adams, J., Goltz, J., Stewart, C., Buttrick, S., Zinger, N.,
Kavanagh, K., Sims, M., Mann, G., 2015. New England-Acadian forests [WWW
Document]. URL http://www.worldwildlife.org/ecoregions/na0410 (accessed
11.24.15).
de Moraes, J.F.L., Volkoff, B., Cerri, C.C., Bernoux, M., 1996. Soil properties under
Amazon forest and changes due to pasture installation in Rondônia, Brazil.
Geoderma 70, 63–81.
DeAngelis, K.M., Pold, G., Topçuoğlu, B.D., van Diepen, L.T. a., Varney, R.M.,
Blanchard, J.L., Melillo, J., Frey, S.D., 2015. Long-term forest soil warming alters
microbial communities in temperate forest soils. Front. Microbiol. 6, 1–13.
doi:10.3389/fmicb.2015.00104
Deangelis, K.M., Silver, W.L., Thompson, A.W., Firestone, M.K., 2010. Microbial
communities acclimate to recurring changes in soil redox potential status. Environ.
Microbiol. 12, 3137–3149. doi:doi:10.1111/j.1462-2920.2010.02286.x
Dufrêne, M., Legendre, P., 1997. Species assemblages and indicator species: the need for
a flexible asymmetrical approach. Ecol. Monogr. 67, 345–366.
Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., Knight, R., 2011. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200.
doi:10.1093/bioinformatics/btr381
Eren, A.M., Esen, Ö.C., Quince, C., Vineis, J.H., Morrison, H.G., Sogin, M.L., Delmont,
T.O., 2015. Anvi’o: an advanced analysis and visualization platform for ‘omics data.
PeerJ 3, e1319. doi:10.7717/peerj.1319
Eren, A.M., Maignien, L., Sul, W.J., Murphy, L.G., Grim, S.L., Morrison, H.G., Sogin,
M.L., 2013. Oligotyping: Differentiating between closely related microbial taxa
using 16S rRNA gene data. Methods Ecol. Evol. 4, 1111–1119. doi:10.1111/2041210X.12114
Eren, A.M., Morrison, H.G., Lescault, P.J., Reveillaud, J., Vineis, J.H., Sogin, M.L.,
2014. Minimum entropy decomposition : Unsupervised oligotyping for sensitive

173

partitioning of high- throughput marker gene sequences. ISME J 9, 968–979.
doi:10.1038/ismej.2014.195
Eva, H.D., Belward, A.S., De Miranda, E.E., Di Bella, C.M., Gond, V., Huber, O., Jones,
S., Sgrenzaroli, M., Fritz, S., 2004. A land cover map of South America. Glob.
Chang. Biol. 10, 731–744. doi:10.1111/j.1529-8817.2003.00774.x
Faith, D.P., 1992. Conservation evaluation and phylogenetic diversity. Biol. Conserv. 61,
1–10.
Falkowski, P.G., Fenchel, T., Delong, E.F., 2008. The microbial engines that drive Earth’s
biogeochemical cycles. Science 320, 1034–1039. doi:10.1126/science.1153213
Fearnside, P.M., Barbosa, R.I., 1998. Soil carbon changes from conversion of forest to
pasture in Brazilian Amazonia. For. Ecol. Manage. 108, 147–166.
Feigl, B., Cerri, C., Piccolo, M., Noronha, N., Augusti, K., Melillo, J., Eschenbrenner, V.,
Melo, L., 2006. Biological survey of a low-productivity pasture in Rondonia state,
Brazil. Outlook Agric. 35, 199–208.
Feigl, B., Cerri, C., Piccolo, M., Noronha, N., Augusti, K., Melillo, J., Eschenbrenner, V.,
Melo, L., 2006. Biological survey of a low-productivity pasture in Rondonia state,
Brazil. Outlook Agric. 35, 199–208.
Fish, J.A., Chai, B., Wang, Q., Sun, Y., Brown, C.T., Tiedje, J.M., Cole, J.R., 2013.
FunGene: the functional gene pipeline and repository. Front. Microbiol. 4, 1–14.
doi:10.3389/fmicb.2013.00291
Foley, J.A., Asner, G.P., Costa, M.H., Coe, M.T., DeFries, R., Gibbs, H.K., Howard, E.A.,
Olson, S., Patz, J., Ramankutty, N., Snyder, P., 2007. Amazonia revealed: Forest
degradation and loss of ecosystem goods and services in the Amazon Basin. Front.
Ecol. Environ. 5, 25–32. doi:10.1890/1540-9295(2007)5[25:ARFDAL]2.0.CO;2
Francis, C.A., Roberts, K.J., Beman, J.M., Santoro, A.E., Oakley, B.B., 2005. Ubiquity
and diversity of ammonia-oxidizing archaea in water columns and sediments of the
ocean. Proc. Natl. Acad. Sci. U. S. A. 102, 14683–14688.
doi:10.1073/pnas.0506625102
Frey, S.D., Knorr, M., Parrent, J.L., Simpson, R.T., 2004. Chronic nitrogen enrichment
affects the structure and function of the soil microbial community in temperate
hardwood and pine forests. For. Ecol. Manage. 196, 159–171.

174

Good, I.J., 1953. The population frequencies of species and the estimation of population
parameters. Biometrika 40, 237–264.
Goodale, C.L., Aber, J.D., 2001. The long-term effects of land-use history on nitrogen
cycling in northern hardwood forests. Ecol. Appl. 11, 253–267.
Gooday, G.W., 1990. The ecology of chitin degradation. Adv. Microb. Physiol. 11, 387–
430.
Gopalakrishnan, S., Watanabe, T., Pearse, S.J., Ito, O., Hossain, Z.A.K.M., Subbarao, G.
V, 2009. Biological nitrification inhibition by Brachiaria humidicola roots varies
with soil type and inhibits nitrifying bacteria, but not other major soil
microorganisms. Soil Sci. Plant Nutr. 55, 725–733.
Graham, E.B., Knelman, J.E., Schindlbacher, A., Siciliano, S., Breulmann, M., Yannarell,
A., Beman, J.M., Abell, G., Philippot, L., Prosser, J., Foulquier, A., Yuste, J.C.,
Glanville, H.C., Jones, D.L., Angel, R., Salminen, J., Newton, R.J., Bürgmann, H.,
Ingram, L.J., Hamer, U., Siljanen, H.M.P., Peltoniemi, K., Potthast, K., Bañeras, L.,
Hartmann, M., Banerjee, S., Yu, R.Q., Nogaro, G., Richter, A., Koranda, M., Castle,
S.C., Goberna, M., Song, B., Chatterjee, A., Nunes, O.C., Lopes, A.R., Cao, Y.,
Kaisermann, A., Hallin, S., Strickland, M.S., Garcia-Pausas, J., Barba, J., Kang, H.,
Isobe, K., Papaspyrou, S., Pastorelli, R., Lagomarsino, A., Lindström, E.S., Basiliko,
N., Nemergut, D.R., 2016. Microbes as engines of ecosystem function: When does
community structure enhance predictions of ecosystem processes? Front. Microbiol.
7. doi:10.3389/fmicb.2016.00214
Hamaoui, G.S., Rodrigues, J.L.M., Bohannan, B.J.M., Tiedje, J.M., Nüsslein, K., 2016.
Land-use change drives abundance and community structure alterations of
thaumarchaeal ammonia oxidizers in tropical rainforest soils in Rondônia, Brazil.
Appl. Soil Ecol. 107, 48–56. doi:10.1016/j.apsoil.2016.05.012
Hart, S.C., Stark, J.M., Davidson, E.A., Firestone, M.K., 1994. Nitrogen mineralization,
immobilization, and nitrification - Methods of soil analysis. Part 2. microbiological
and biochemical properties, in: Weaver, R.W., Angle, S., Bottomley, P.J., Bezdicek,
D., Smith, S., Tabatabai, A., Wollum, A. (Eds.), Methods of Soil Analysis. Part 2.
Microbiological and Biochemical Properties . Soil Science Society of America, Inc.,
Madison, WI, pp. 985–1018.
Hatzenpichler, R., 2012. Diversity, physiology, and niche differentiation of ammoniaoxidizing archaea. Appl. Environ. Microbiol. 78, 7501–7510.

175

Hatzenpichler, R., Lebedeva, E. V, Spieck, E., Stoecker, K., Richter, A., Daims, H.,
Wagner, M., 2008. A moderately thermophilic ammonia-oxidizing crenarchaeote
from a hot spring. Proc. Natl. Acad. Sci. U. S. A. 105, 2134–2139.
doi:10.1073/pnas.0708857105
Hayashi, T., Makino, K., Ohnishi, M., Kurokawa, K., Ishii, K., Yokoyama, K., Han, C.G.,
Ohtsubo, E., Nakayama, K., Murata, T., Tanaka, M., Tobe, T., Iida, T., Takami, H.,
Honda, T., Sasakawa, C., Ogasawara, N., Yasunaga, T., Kuhara, S., Shiba, T.,
Hattori, M., Shinagawa, H., 2001. Complete genome sequence of enterohemorrhagic
Escherichia coli O157:H7 and genomic comparison with a laboratory strain K-12.
DNA Res. 8, 11–22. doi:10.1093/dnares/8.1.11
Hayatsu, M., Tago, K., Saito, M., 2008. Various players in the nitrogen cycle: Diversity
and functions of the microorganisms involved in nitrification and denitrification.
Soil Sci. Plant Nutr. 54, 33–45.
Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric
models. Biometrical J. 50, 346–363. doi:10.1002/bimj.200810425
Houghton, R.A., Skole, D.L., Nobre, C.A., Hackler, J.L., Lawrence, K.T.,
Chomentowski, W.H., 2000. Annual fluxes or carbon from deforestation and
regrowth in the Brazilian Amazon. Nature 403, 301–304.
Islam, T., Jensen, S., Reigstad, L.J., Larsen, O., Birkeland, N.-K., 2008. Methane
oxidation at 55oC and pH 2 by a thermoacidophilic bacterium belonging to the
Verrucomicrobia phylum. Proc. Natl. Acad. Sci. U. S. A. 105, 300–304.
doi:10.1073/pnas.0704162105
Jehmlich, N., Vogt, C., Lünsmann, V., Richnow, H.H., von Bergen, M., 2016. Protein-SIP
in environmental studies. Curr. Opin. Biotechnol. 41, 26–33.
doi:10.1016/j.copbio.2016.04.010
Jesus, E. da C., Marsh, T.L., Tiedje, J.M., Moreira, F.M. de S., 2009. Changes in land use
alter the structure of bacterial communities in Western Amazon soils. ISME J. 3,
1004–1011.
Jones, C.M., Graf, D.R.H., Bru, D., Philippot, L., Hallin, S., 2013. The unaccounted yet
abundant nitrous oxide-reducing microbial community: a potential nitrous oxide
sink. ISME J. 7, 417–426. doi:10.1038/ismej.2012.125

176

Junier, P., Kim, O.-S., Molina, V., Limburg, P., Junier, T., Imhoff, J.F., Witzel, K.-P.,
2008. Comparative in silico analysis of PCR primers suited for diagnostics and
cloning of ammonia monooxygenase genes from ammonia-oxidizing bacteria.
FEMS Microbiol. Ecol. 64, 141–152.
Jurasinski, G., Retzer, V., 2012. simba: A Collection of functions for similarity analysis of
vegetation data.
Kembel, S.W., Cowan, P.D., Helmus, M.R., Cornwell, W.K., Morlon, H., Ackerly, D.D.,
Blomberg, S.P., Webb, C.O., 2010. Picante: R tools for integrating phylogenies and
ecology. Bioinformatics 26, 1463–1464.
Kim, J.-S., Sparovek, G., Longo, R.M., De Melo, W.J., Crowley, D., 2007. Bacterial
diversity of terra preta and pristine forest soil from the Western Amazon. Soil Biol.
Biochem. 39, 684–690.
Könneke, M., Bernhard, A.E., de la Torre, J.R., Walker, C.B., Waterbury, J.B., Stahl, D. a,
2005. Isolation of an autotrophic ammonia-oxidizing marine archaeon. Nature 437,
543–546. doi:10.1038/nature03911
Kowalchuk, G.A., Stephen, J.R., 2001. Ammonia-oxidizing bacteria: A model for
molecular microbial ecology. Annu. Rev. Microbiol. 55, 485–529.
Kruschke, J.K., 2011. Metric predicted variable with one nominal predictor, in: Doing
Bayesian Data Analysis: A Tutorial with R and BUGS. Elsevier, Burlington, MA,
pp. 491–514.
Lapola, D.M., Martinelli, L.A., Peres, C.A., Ometto, J.P.H.B., Ferreira, M.E., Nobre,
C.A., Aguiar, A.P.D., Bustamante, M.M.C., Cardoso, M.F., Costa, M.H., Joly, C.A.,
Leite, C.C., Moutinho, P., Sampaio, G., Strassburg, B.B.N., Vieira, I.C.G., 2014.
Pervasive transition of the Brazilian land-use system. Nat. Clim. Chang. 4, 27–35.
doi:10.1038/nclimate2056
Lauber, C.L., Ramirez, K.S., Aanderud, Z., Lennon, J., Fierer, N., 2013. Temporal
variability in soil microbial communities across land-use types. ISME J. 7, 1641–
1650. doi:10.1038/ismej.2013.50
Laughlin, R.J., Stevens, R.J., 2002. Evidence for fungal dominance of denitrification and
codenitrification in a grassland soil. Soil Sci. Soc. Am. J 66, 1540–1548.
doi:10.2136/sssaj2002.1540

177

Lehtovirta-Morley, L.E., Ge, C., Ross, J., Yao, H., Nicol, G.W., Prosser, J.I., 2014.
Characterisation of terrestrial acidophilic archaeal ammonia oxidisers and their
inhibition and stimulation by organic compounds. FEMS Microbiol. Ecol. 89, 542–
552. doi:10.1111/1574-6941.12353
Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G.W., Prosser, J.I.,
Schuster, S.C., Schleper, C., 2006. Archaea predominate among ammonia-oxidizing
prokaryotes in soils. Nature 442, 806–809.
Levy-Booth, D.J., Prescott, C.E., Grayston, S.J., 2014. Microbial functional genes
involved in nitrogen fixation, nitrification and denitrification in forest ecosystems.
Soil Biol. Biochem. 75, 11–25. doi:10.1016/j.soilbio.2014.03.021
Lewinsohn, T.M., Prado, P.I., 2005. How many species are there in Brazil? Conserv. Biol.
19, 619–624.
Long, A., Heitman, J., Tobias, C., Philips, R., Song, B., 2012. Co-occurring anammox,
denitrification, and codenitrification in agricultural soils. Appl. Environ. Microbiol.
79, 168–176. doi:10.1128/AEM.02520-12
Lozupone, C.A., Hamady, M., Kelley, S.T., Knight, R., 2007. Quantitative and qualitative
β diversity measures lead to different insights into factors that structure microbial
communities. Appl. Environ. Microbiol. 73, 1576–1585. doi:10.1128/AEM.0199606
Lozupone, C., Knight, R., 2005. UniFrac : a new phylogenetic method for comparing
microbial communities. Appl. Environ. Microbiol. 71, 8228–8235.
doi:10.1128/AEM.71.12.8228
Madigan, M.T., Martinko, J.M., 2006. Brock biology of microorganisms, 11th ed.
Pearson Prentice Hall, Upper Saddle River, NJ.
Marchant, H.K., Mohr, W., Kuypers, M.M., 2016. Recent advances in marine N-cycle
studies using 15N labeling methods. Curr. Opin. Biotechnol. 41, 53–59.
doi:10.1016/j.copbio.2016.04.019
Martens-Habbena, W., Berube, P.M., Urakawa, H., De La Torre, J.R., Stahl, D.A., 2009.
Ammonia oxidation kinetics determine niche separation of nitrifying Archaea and
Bacteria. Nature 461, 976–979. doi:10.1038/nature08465

178

Matsuzaka, E., Nomura, N., Maseda, H., Otagaki, H., Nakajima-Kambe, T., Nakahara, T.,
Uchiyama, H., 2003. Participation of nitrite reductase in conversion of NO2- to NO3in a heterotrophic nitrifier, Burkholderia cepacia NH-17, with denitrification
activity. Microbes Environ. 18, 203–209.
Melillo, J.M., 2002. Soil warming and carbon-cycle feedbacks to the climate system.
Science 298, 2173–2176. doi:10.1126/science.1074153
Melillo, J.M., Butler, S., Johnson, J., Mohan, J., Steudler, P., Lux, H., Burrows, E.,
Bowles, F., Smith, R., Scott, L., Vario, C., Hill, T., Burton, A., Zhou, Y.-M., Tang, J.,
2011. Soil warming, carbon-nitrogen interactions, and forest carbon budgets. Proc.
Natl. Acad. Sci. U. S. A. 108, 9508–9512.
Melillo, J.M., Steudler, P.A., Feigl, B.J., Neill, C., Garcia, D., Piccolo, M.C., Cerri, C.C.,
Tian, H., 2001. Nitrous oxide emissions from forests and pastures of various ages in
the Brazilian Amazon. J. Geophys. Res. 106, 34179.
Metcalfe, A.C., Krsek, M., Gooday, G.W., Prosser, J.I., Wellington, E.M.H., 2002.
Molecular analysis of a bacterial chitinolytic community in an upland pasture. Appl.
Environ. Microbiol. 68, 5042–5050. doi:10.1128/AEM.68.10.5042–5050.2002
Mirza, B.S., Potisap, C., Nüsslein, K., Bohannan, B.J.M., Rodrigues, J.L.M., 2014.
Response of free-living nitrogen-fixing microorganisms to land use change in the
Amazon rainforest. Appl. Environ. Microbiol. 80, 281–288.
doi:10.1128/AEM.02362-13
Morrison, E.W., Frey, S.D., Sadowsky, J.J., van Diepen, L.T.A., Thomas, W.K., Pringle,
A., 2016. Chronic nitrogen additions fundamentally restructure the soil fungal
community in a temperate forest. Fungal Ecol. 23, 48–57.
doi:10.1016/j.funeco.2016.05.011
Mussmann, M., Brito, I., Pitcher, A., Sinninghe Damste, J.S., Hatzenpichler, R., Richter,
A., Nielsen, J.L., Nielsen, P.H., Muller, A., Daims, H., Wagner, M., Head, I.M.,
2011. Thaumarchaeotes abundant in refinery nitrifying sludges express amoA but are
not obligate autotrophic ammonia oxidizers. Proc. Natl. Acad. Sci. U. S. A. 108,
16771–16776. doi:10.1073/pnas.1106427108
Myrold, D.D., 2007. Quantification of nitrogen transformations, in: Hurst, C.J.,
Crawford, R.L., Garland, J.L., Lipson, D.A., Mills, A.L., Stetzenbach, L.D. (Eds.),
Manual of Environmental Microbiology. ASM Press, Washington, D.C., pp. 687–
696.

179

Myrold, D.D., 2005. Transformations of nitrogen, in: Sylvia, D.M., Fuhrmann, J.J.,
Hartel, P.G., Zuberer, D.A. (Eds.), Principles and Applications of Soil Microbiology.
Pearson Prentice Hall, Upper Saddle River, NJ, pp. 333–372.
Navarrete, A.A., Taketani, R.G., Mendes, L.W., de Souza Cannavan, F., de Souza
Moreira, F.M., Tsai, S.M., 2011. Land-use systems affect archaeal community
structure and functional diversity in Western Amazon soils. R. Bras. Ci. Solo 35,
1527–1540.
Neill, C., Piccolo, M.C., Cerri, C.C., Steudler, P.A., Melillo, J.M., Brito, M., 1997. Net
nitrogen mineralization and net nitrification rates in soils following deforestation for
pasture across the southwestern Brazilian Amazon Basin landscape. Oecologia 110,
243–252.
Neill, C., Piccolo, M.C., Melillo, J.M., Steudler, P.A., Cerri, C.C., 1999. Nitrogen
dynamics in Amazon forest and pasture soils measured by 15N pool dilution. Soil
Biol. Biochem. 31, 567–572.
Neill, C., Piccolo, M.C., Steudler, P.A., Melillo, J.M., Feigl, B.J., Cerri, C.C., 1995.
Nitrogen dynamics in soils of forests and active pastures in the western Brazilian
Amazon basin. Soil Biol. Biochem. 27, 1167–1175.
Neill, C., Steudler, P.A., Garcia-Montiel, D.C., Melillo, J.M., Feigl, B.J., Piccolo, M.C.,
Cerri, C.C., 2005. Rates and controls of nitrous oxide and nitric oxide emissions
following conversion of forest to pasture in Rondônia. Nutr. Cycl. Agroecosystems
71, 1–15.
Nepstad, D.C., Stickler, C.M., Soares-Filho, B., Merry, F., 2008. Interactions among
Amazon land use, forests and climate: prospects for a near-term forest tipping point.
Philos. Trans. R. Soc. B-Biological Sci. 363, 1737–1746.
Nicol, G.W., Leininger, S., Schleper, C., Prosser, J.I., 2008. The influence of soil pH on
the diversity, abundance and transcriptional activity of ammonia oxidizing archaea
and bacteria. Environ. Microbiol. 10, 2966–2978.
Nicol, G.W., Schleper, C., 2006. Ammonia-oxidising Crenarchaeota: important players in
the nitrogen cycle? Trends Microbiol. 14, 207–212.
Okada, N., Nomura, N., Nakajima-Kambe, T., Uchiyama, H., 2005. Characterization of
the aerobic denitrification in Mesorhizobium sp. strain NH-14 in comparison with
that in related rhizobia. Microbes Environ. 20, 208–215.

180

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B.,
Simpson, G.L., Solymos, P., Stevens, M.H.H., Wagner, H., 2015. vegan: community
ecology package.
Olden, J.D., Poff, N.L., Douglas, M.R., Douglas, M.E., Fausch, K.D., 2004. Ecological
and evolutionary consequences of biotic homogenization. Trends Ecol. Evol. 19, 18–
24. doi:10.1016/j.tree.2003.09.010
Orellana, L.H., Rodriguez-R, L.M., Higgins, S., Chee-Sanford, J.C., Sanford, R.A.,
Ritalahti, K.M., Loffler, F.E., Konstantinidis, K.T., 2014. Detecting nitrous oxide
reductase (nosZ) genes in soil metagenomes: method development and implications
for the nitrogen cycle. MBio 5, e01193-14. doi:10.1128/mBio.01193-14
Palatinszky, M., Herbold, C., Jehmlich, N., Pogoda, M., Han, P., von Bergen, M.,
Lagkouvardos, I., Karst, S.M., Galushko, A., Koch, H., Berry, D., Daims, H.,
Wagner, M., 2015. Cyanate as an energy source for nitrifiers. Nature 524, 105–108.
doi:10.1038/nature14856
Paula, F.S., Rodrigues, J.L.M., Zhou, J., Wu, L., Mueller, R.C., Mirza, B.S., Bohannan,
B.J.M., Nüsslein, K., Deng, Y., Tiedje, J.M., Pellizari, V.H., 2014. Land use change
alters functional gene diversity, composition and abundance in Amazon forest soil
microbial communities. Mol. Ecol. 23, 2988–2999. doi:10.1111/mec.12786
Pei, A.Y., Oberdorf, W.E., Nossa, C.W., Agarwal, A., Chokshi, P., Gerz, E.A., Jin, Z., Lee,
P., Yang, L., Poles, M., Brown, S.M., Sotero, S., Desantis, T., Brodie, E., Nelson, K.,
Pei, Z., 2010. Diversity of 16S rRNA genes within individual prokaryotic genomes.
Appl. Environ. Microbiol. 76, 3886–3897.
Pester, M., Rattei, T., Flechl, S., Gröngröft, A., Richter, A., Overmann, J., ReinholdHurek, B., Loy, A., Wagner, M., 2012. AmoA-based consensus phylogeny of
ammonia-oxidizing archaea and deep sequencing of amoA genes from soils of four
different geographic regions. Environ. Microbiol. 14, 525–539.
Peterjohn, W.T., Melillo, J.M., Steudler, P.A., Newkirk, K.M., Bowles, F.P., Aber, J.D.,
1994. Responses of trace gas fluxes and N availability to experimentally elevated
soil temperatures. Ecol. Appl. 4, 617–625.
Pratscher, J., Dumont, M.G., Conrad, R., 2011. Ammonia oxidation coupled to CO2
fixation by archaea and bacteria in an agricultural soil. Proc. Natl. Acad. Sci. U. S.
A. 108, 4170–4175. doi:10.1073/pnas.1010981108

181

Price, M.N., Dehal, P.S., Arkin, A.P., 2010. FastTree 2 - Approximately maximumlikelihood trees for large alignments. PLoS One 5, e9490.
doi:10.1371/journal.pone.0009490
Prieme, A., Braker, G., Tiedje, J.M., 2002. Diversity of nitrite reductase (nirK and nirS)
gene fragments in forested upland and wetland soils. Appl. Environ. Microbiol. 68,
1893–1900.
Qin, W., Amin, S.A., Martens-Habbena, W., Walker, C.B., Urakawa, H., Devol, A.H.,
Ingalls, A.E., Moffett, J.W., Armbrust, E. V., Stahl, D.A., 2014. Marine ammoniaoxidizing archaeal isolates display obligate mixotrophy and wide ecotypic variation.
Proc. Natl. Acad. Sci. 111, 12504–12509. doi:10.1073/pnas.1324115111
R Development Core Team, 2013. R: A language and environment for statistical
computing.
Rajendhran, J., Gunasekaran, P., 2011. Microbial phylogeny and diversity: Small subunit
ribosomal RNA sequence analysis and beyond. Microbiol. Res. 166, 99–110.
doi:10.1016/j.micres.2010.02.003
Ramana, V.V., Raj, P.S., Tushar, L., Sasikala, C., Ramana, C. V., 2013. Rhodomicrobium
udaipurense sp. nov., a psychrotolerant, phototrophic alphaproteobacterium isolated
from a freshwater stream. Int. J. Syst. Evol. Microbiol. 63, 2684–2689.
doi:10.1099/ijs.0.046409-0
Revelle, W., 2015. psych: procedures for personality and psychological research.
Rich, J.J., Heichen, R.S., Bottomley, P.J., Cromack, K., Myrold, D.D., 2003. Community
composition and functioning of denitrifying bacteria from adjacent meadow and
forest soils. Appl. Environ. Microbiol. 69, 5974–5982.
Ritalahti, K.M., Amos, B.K., Sung, Y., Wu, Q., Koenigsberg, S.S., Löffler, F.E., 2006.
Quantitative PCR targeting 16S rRNA and reductive dehalogenase genes
simultaneously monitors multiple Dehalococcoides strains. Appl. Environ.
Microbiol. 72, 2765–2774. doi:10.1128/AEM.72.4.2765-2774.2006
Rodrigues, A.S.L., Ewers, R.M., Parry, L., Souza, C., Verissimo, A., Balmford, A., 2009.
Boom-and-bust development patterns across the Amazon deforestation frontier.
Science 324, 1435–1437.

182

Rodrigues, J.L.M., Pellizari, V.H., Mueller, R., Baek, K., Jesus, E. da C., Paula, F.S.,
Mirza, B., Hamaoui Jr, G.S., Tsai, S.M., Feigl, B., Tiedje, J.M., Bohannan, B.J.M.,
Nüsslein, K., 2013. Conversion of the Amazon rainforest to agriculture results in
biotic homogenization of soil bacterial communities. Proc. Natl. Acad. Sci. U.S.A.
110, 988–993.
Rotthauwe, J.H., Witzel, K.P., Liesack, W., 1997. The ammonia monooxygenase
structural gene amoA as a functional marker: Molecular fine-scale analysis of
natural ammonia-oxidizing populations. Appl. Environ. Microbiol. 63, 4704–4712.
RStudio, 2012. RStudio: Integrated development environment for R.
Ruijter, J.M., Ramakers, C., Hoogaars, W.M.H., Karlen, Y., Bakker, O., van den Hoff,
M.J.B., Moorman, A.F.M., 2009. Amplification efficiency: Linking baseline and bias
in the analysis of quantitative PCR data. Nucleic Acids Res. 37, e45.
doi:10.1093/nar/gkp045
Rütting, T., Boeckx, P., Müller, C., Klemedtsson, L., 2011. Assessment of the importance
of dissimilatory nitrate reduction to ammonium for the terrestrial nitrogen cycle.
Biogeosciences 8, 1779–1791. doi:10.5194/bg-8-1779-2011
Saiya-Cork, K.R., Sinsabaugh, R.L., Zak, D.R., 2002. The effects of long term nitrogen
deposition on extracellular enzyme activity in an Acer saccharum forest soil. Soil
Biol. Biochem. 34, 1309–1315.
Sanford, R.A., Wagner, D.D., Wu, Q., Chee-Sanford, J.C., Thomas, S.H., Cruz-Garcia,
C., Rodriguez, G., Massol-Deya, A., Krishnani, K.K., Ritalahti, K.M., Nissen, S.,
Konstantinidis, K.T., Loffler, F.E., 2012. Unexpected nondenitrifier nitrous oxide
reductase gene diversity and abundance in soils. Proc. Natl. Acad. Sci. 109, 19709–
19714. doi:10.1073/pnas.1211238109
Santos, S.R., Ochman, H., 2004. Identification and phylogenetic sorting of bacterial
lineages with universally conserved genes and proteins. Environ. Microbiol. 6, 754–
759. doi:10.1111/j.1462-2920.2004.00617.x
Schloss, P.D., 2008. Evaluating different approaches that test whether microbial
communities have the same structure. ISME J. 2, 265–275.
Schloss, P.D., Gevers, D., Westcott, S.L., 2011. Reducing the effects of PCR
amplification and sequencing artifacts on 16S rRNA-based studies. PLoS One 6,
e27310.

183

Schloss, P.D., Larget, B.R., Handelsman, J., 2004. Integration of microbial ecology and
statistics: A test to compare gene libraries. Appl. Environ. Microbiol. 70, 5485–
5492. doi:10.1128/AEM.70.9.5485-5492.2004
Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B.,
Lesniewski, R.A., Oakley, B.B., Parks, D.H., Robinson, C.J., Sahl, J.W., Stres, B.,
Thallinger, G.G., Van Horn, D.J., Weber, C.F., 2009. Introducing mothur: opensource, platform-independent, community-supported software for describing and
comparing microbial communities. Appl. Environ. Microbiol. 75, 7537–7541.
Sheik, C.S., Beasley, W.H., Elshahed, M.S., Zhou, X., Luo, Y., Krumholz, L.R., 2011.
Effect of warming and drought on grassland microbial communities. ISME J. 5,
1692–1700.
Shen, J.P., Cao, P., Hu, H.W., He, J.Z., 2013. Differential response of archaeal groups to
land use change in an acidic red soil. Sci. Total Environ. 461–462, 742–749.
doi:10.1016/j.scitotenv.2013.05.070
Sheneman, L., Evans, J., Foster, J.A., 2006. Clearcut: A fast implementation of relaxed
neighbor joining. Bioinformatics 22, 2823–2824. doi:10.1093/bioinformatics/btl478
Smithson, M., Verkuilen, J., 2006. A better lemon squeezer? Maximum-likelihood
regression with beta-distributed dependent variables. Psychol. Methods 11, 54–71.
doi:10.1037/1082-989X.11.1.54
Song, H., Che, Z., Cao, W., Huang, T., Wang, J., Dong, Z., 2016. Changing roles of
ammonia-oxidizing bacteria and archaea in a continuously acidifying soil caused by
over-fertilization with nitrogen. Environ. Sci. Pollut. Res. 23, 11964–11974.
doi:10.1007/s11356-016-6396-8
Spieck, E., Muller, S., Engel, A., Mandelkow, E., Patel, H., Bock, E., 1996. Twodimensional structure of membrane-bound nitrite oxidoreductase from Nitrobacter
hamburgensis. J. Struct. Biol. 117, 117–123.
Spott, O., Stange, C.F., 2011. Formation of hybrid N2O in a suspended soil due to codenitrification of NH2OH. J. Plant Nutr. Soil Sci. 174, 554–567.
doi:10.1002/jpln.201000200

184

Starkenburg, S.R., Chain, P.S.G., Sayavedra-Soto, L.A., Hauser, L., Land, M.L., Larimer,
F.W., Malfatti, S.A., Klotz, M.G., Bottomley, P.J., Arp, D.J., 2006. Genome
sequence of the chemolithoautotrophic nitrite-oxidizing bacterium Nitrobacter
winogradskyi Nb-255. Appl. Environ. Microbiol. 72, 2050–2063.
doi:10.1128/AEM.72.3.2050–2063.2006
Stern, K.R., Jansky, S., Bidlack, J.E., 2003. Introductory Plant Biology, 9th ed. McGrawHill, New York, NY.
Steudler, P.A., Melillo, J.M., Feigl, B.J., Neill, C., Piccolo, M.C., Cerri, C.C., 1996.
Consequence of forest-to-pasture conversion on CH4 fluxes in the Brazilian Amazon
Basin. J. Geophys. Res. 101, 18547–18554.
Steudler, P., Garcia-Montiel, D., Piccolo, M., 2002. Trace gas responses of tropical forest
and pasture soils to N and P fertilization. Global Biogeochem. Cycles 16, 1–13.
doi:10.1029/2001GB001394
Stoddard, S.F., Smith, B.J., Hein, R., Roller, B.R.K., Schmidt, T.M., 2014. rrnDB:
Improved tools for interpreting rRNA gene abundance in bacteria and archaea and a
new foundation for future development. Nucleic Acids Res. 43, 1–6.
doi:10.1093/nar/gku1201
Subbarao, G. V, Nakahara, K., Hurtado, M.P., Ono, H., Moreta, D.E., Salcedo, A.F.,
Yoshihashi, A.T., Ishikawa, T., Ishitani, M., Ohnishi-Kameyama, M., Yoshida, M.,
Rondon, M., Rao, I.M., Lascano, C.E., Berry, W.L., Ito, O., 2009. Evidence for
biological nitrification inhibition in Brachiaria pastures. Proc. Natl. Acad. Sci. U. S.
A. 106, 17302–17307.
Subbarao, G. V, Sahrawat, K.L., Nakahara, K., Ishikawa, T., Kishii, M., Rao, I.M., Hash,
C.T., George, T.S., Rao, P.S., Nardi, P., Bonnett, D., Berry, W., Suenaga, K., Lata,
J.C., 2012. Biological nitrification inhibition-a novel strategy to regulate nitrification
in agricultural systems. Adv. Agron. Vol 114 114, 249–302.
Taketani, R.G., Tsai, S.M., 2010. The influence of different land uses on the structure of
archaeal communities in Amazonian anthrosols based on 16S rRNA and amoA
genes. Microb. Ecol. 59, 734–743.
Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729.
doi:10.1093/molbev/mst197

185

Tourna, M., Freitag, T.E., Nicol, G.W., Prosser, J.I., 2008. Growth, activity and
temperature responses of ammonia-oxidizing archaea and bacteria in soil
microcosms. Environ. Microbiol. 10, 1357–1364.
Tourna, M., Stieglmeier, M., Spang, A., Koenneke, M., Schintlmeister, A., Urich, T.,
Engel, M., Schloter, M., Wagner, M., Richter, A., Schleper, C., 2011.
Nitrososphaera viennensis, an ammonia oxidizing archaeon from soil. Proc. Natl.
Acad. Sci. U. S. A. 108, 8420–8425.
Treusch, A.H., Leininger, S., Kletzin, A., Schuster, S.C., Klenk, H.-P., Schleper, C., 2005.
Novel genes for nitrite reductase and Amo-related proteins indicate a role of
uncultivated mesophilic crenarchaeota in nitrogen cycling. Environ. Microbiol. 7,
1985–1995.
Treusch, A.H., Leininger, S., Kletzin, A., Schuster, S.C., Klenk, H.P., Schleper, C., 2005.
Novel genes for nitrite reductase and Amo-related proteins indicate a role of
uncultivated mesophilic crenarchaeota in nitrogen cycling. Environ. Microbiol. 7,
1985–1995.
Tu, Q., Yu, H., He, Z., Deng, Y., Wu, L., Van Nostrand, J.D., Zhou, A., Voordeckers, J.,
Lee, Y.-J., Qin, Y., Hemme, C.L., Shi, Z., Xue, K., Yuan, T., Wang, A., Zhou, J.,
2014. GeoChip 4: a functional gene-array-based high-throughput environmental
technology for microbial community analysis. Mol. Ecol. Resour. 14, 914–928.
doi:10.1111/1755-0998.12239
Turlapati, S.A., Minocha, R., Bhiravarasa, P.S., Tisa, L.S., Thomas, W.K., Minocha, S.C.,
2012. Chronic N-amended soils exhibit an altered bacterial community structure in
Harvard Forest, MA, USA. FEMS Microbiol. Ecol. 1–16. doi:10.1111/15746941.12009
Turlapati, S.A., Minocha, R., Long, S., Ramsdell, J., Minocha, S.C., 2015. Oligotyping
reveals stronger relationship of organic soil bacterial community structure with Namendments and soil chemistry in comparison to that of mineral soil at Harvard
Forest, MA, USA. Front. Microbiol. 6, 1–16. doi:10.3389/fmicb.2015.00049
van Elsas, J.D., Duarte, G.F., Keijzer-Wolters, A., Smit, E., 2000. Analysis of the
dynamics of fungal communities in soil via fungal-specific PCR of soil DNA
followed by denaturing gradient gel electrophoresis. J. Microbiol. Methods 43, 133–
151.

186

Venterea, R.T., Groffman, P.M., Verchot, L. V, Magill, A.H., Aber, J.D., 2004. Gross
nitrogen process rates in temperate forest soils exhibiting symptoms of nitrogen
saturation. For. Ecol. Manage. 196, 129–142.
Verhamme, D.T., Prosser, J.I., Nicol, G.W., 2011. Ammonia concentration determines
differential growth of ammonia-oxidising archaea and bacteria in soil microcosms.
ISME J. 5, 1067–1071.
Vishnivetskaya, T.A., Layton, A.C., Lau, M.C.Y., Chauhan, A., Cheng, K.R., Meyers,
A.J., Murphy, J.R., Rogers, A.W., Saarunya, G.S., Williams, D.E., Pfiffner, S.M.,
Biggerstaff, J.P., Stackhouse, B.T., Phelps, T.J., Whyte, L., Sayler, G.S., Onstott,
T.C., 2014. Commercial DNA extraction kits impact observed microbial community
composition in permafrost samples. FEMS Microbiol. Ecol. 87, 217–230.
doi:10.1111/1574-6941.12219
Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naïve Bayesian classifier for
rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl.
Environ. Microbiol. 73, 5261–5267.
Wang, Q., Quensen III, J.F., Fish, J.A., Lee, T.K., Sun, Y., Tiedje, J.M., Cole, J.R., 2013.
Ecological patterns of nifH genes in four terrestrial climatic zones explored with
targeted metagenomics using FrameBot, a new informatics tool. MBio 4, e00592-13.
doi:10.1128/mBio.00592-13.
Ward, B.B., 2005. Molecular approaches to marine microbial cology and the marine
nitrogen cycle. Annu. Rev. Earth Planet. Sci. 33, 301–333.
Wickham, H., 2009. ggplot2: elegant graphics for data analysis. Springer, New York, NY.
Williamson, N., Brian, P., Wellington, E.M., 2000. Molecular detection of bacterial and
streptomycete chitinases in the environment. Antonie Van Leeuwenhoek 78, 315–
321.
Xu-Ri, Prentice, I.C., Spahni, R., Niu, H.S., 2012. Modelling terrestrial nitrous oxide
emissions and implications for climate feedback. New Phytol. 196, 472–488.
Yang, Y., Quensen, J., Mathieu, J., Wang, Q., Wang, J., Li, M., Tiedje, J.M., Alvarez,
P.J.J., 2014. Pyrosequencing reveals higher impact of silver nanoparticles than Ag+
on the microbial community structure of activated sludge. Water Res. 48, 317–325.
doi:10.1016/j.watres.2013.09.046

187

Ying, J.-Y., Zhang, L.-M., He, J.-Z., 2010. Putative ammonia-oxidizing bacteria and
archaea in an acidic red soil with different land utilization patterns. Environ.
Microbiol. Rep. 2, 304–312. doi:10.1111/j.1758-2229.2009.00130.x
Yu, Y., Lee, C., Kim, J., Hwang, S., 2005. Group-specific primer and probe sets to detect
methanogenic communities using quantitative real-time polymerase chain reaction.
Biotechnol. Bioeng. 89, 670–679. doi:10.1002/bit.20347
Zaprasis, A., Liu, Y.-J., Liu, S.-J., Drake, H.L., Horn, M.A., 2010. Abundance of novel
and diverse tfdA-like genes, encoding putative phenoxyalkanoic acid herbicidedegrading dioxygenases, in soil. Appl. Environ. Microbiol. 76, 119–128.
Zhou, J., Xue, K., Xie, J., Deng, Y., Wu, L., Cheng, X., Fei, S., Deng, S., He, Z., Van
Nostrand, J.D., Luo, Y., 2011. Microbial mediation of carbon-cycle feedbacks to
climate warming. Nat. Clim. Chang. 2, 106–110.
Zhou, Z., Takaya, N., Sakairi, M.A.C., Shoun, H., 2001. Oxygen requirement for
denitrification by the fungus Fusarium oxysporum. Arch. Microbiol. 175, 19–25.
Zumft, W.G., 1997. Cell biology and molecular basis of denitrification. Microbiol. Mol.
Biol. Rev. 61, 533–616.

188

